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ABSTRACT 
The thesis concerns dimensional management and the provision of tools and techniques to assist 
designers and body engineers in the automotive industry with the tolerance specification and 
variation analysis of deformable aluminium-intensive-vehicle (AJV) assemblies. 
This document includes a review ofliterature relevant to the main research goals of:-
• creating knowledge to enhance the tools and techniques available for the dimensional 
control of deformable automotive assemblies with a particular focus on the design and 
construction of aluminium body-in-white (BIW) structures. 
• seeking ways of applying this knowledge in an expedient way during the early phases 
of the automotive product development cycle, and in the digital environment, to 
facilitate informed decision making where only limited and uncertain product and 
process data is available. 
From the literature it has been determined that there is a lack of an efficient variation-modelling 
approach for deformable assemblies during the manufacture and assembly of lightweight 
aluminium vehicle body structures involving next generation alloys, manufacturing processes, and 
joining and assembly technologies. Existing tools for Computer-Aided Tolerancing (CAT) do not 
consider the non-rigid behaviour of deformable parts and this should not be ignored otherwise 
assembly process simulations using these tools can lead to predicted final assembly geometry 
which is considerably different from actual production assemblies. 
CAT tools and techniques should have the capability to simulate assembly process variations for 
deformable assemblies. This should contribute to an improved and deeper understanding of the 
relationships between tolerance values and the physics of product functions and manufacturing 
processes. 
An approach to modelling and analysing deformable assemblies, based on the method of influence 
coefficients and Finite Element Analysis (FEA), has been demonstrated using an industrial 
example of an aluminium vehicle assembly from the automotive industry. This shows that it is 
possible to consider the effects of part deformation in the variation analysis of automotive BIW 
assemblies. 
The development and further enhancement of computer-aided tolerancing (CAT) tools with this 
capability will provide better support for tolerance specification and variation analysis during the 
early phases of the automotive product development cycle. The thesis concludes with a number of 
recommendations for areas of research warranting further investigation. 
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1. INTRODUCTION 
There is a lack of an efficient variation-modelling approach for flexible components during the 
manufacture and assembly of lightweight aluminium vehicle body structures involving next 
generation alloys, manufacturing processes, and joining and assembly technologies. This research 
aims to develop tools and techniques to assist the automotive industry in the production and 
assembly of compliant, non-ideal parts. 
All manufactured parts and tooling have unavoidable variations from their nominal shapes. During 
assembly, relatively rigid assembly tooling further deforms compliant parts. A lack of knowledge 
regarding variations and deformations often results in expensive problems. Since most current 
computer-aided design systems and tolerance analysis software solutions are based on ideally 
located, and rigid geometry, they are unable to model or predict the effects of variations in parts or 
tooling to the required level of accuracy. 
An approach to product modelling and variation analysis will be developed that accommodates the 
flexibility of parts and tooling to simulate the propagation of dimensional variations during 
assembly and joining processes; and to predict and manage these variations in the resulting 
assembly. 
1..1 CONTEXT 
Dimensional variation in today's automobile design and manufacturing development processes 
must be understood and managed. One of the key ways to successfully accomplish this is to use a 
tolerance analysis tool with the capabilities to encompass all types of known variations. 
Understanding and managing these variations as early as possible in the product development 
cycle allows engineers to produce a robust design solution which is both cost effective, and 
designed for manufacture to the optimum quality achievable. 
In the automotive industry, controlling the assembly process for vehicle body shells is of critical 
importance. Managing variations is essential to retaining competitiveness in manufacturing 
because excessive variations directly affect product quality, time-to-market, and product 
development cost. For example, too-large or too-small gaps between the door and door aperture 
cause crucial problems such as high door closing effort, noise, and leaks as well as poor 
appearance of a vehicle. The required time and cost for resolving these problems increase 
exponentially as the product development process evolves. By the time parts and tooling are 
manufactured, the cost of scrapped, reworked or delayed assemblies becomes considerable. 
Therefore, methods to anticipate variations will have a major positive impact. 
Typically, many concerns go unnoticed until early prototypes are built, measured, and tested. 
Many three-dimensional tools and techniques now have the technical capabilities to allow product 
designs to be optimised before problems occur in prototyping and production. With accelerated 
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advancements in computing power and simulation tools not only helping to reduce vehicle 
engineering lead times but also increasing engineers confidence in getting the design right first 
time there is a growing trend for reducing the requirement for physical models and prototypes. 
This research will consider the development and design for dimensional control of vehicles in the 
digital environment or "digital factory", where zero or minimal prototypes are built and engineers 
not only determine that parts fit but can see how the vehicle functions, undertake full crash 
analyses and investigate such things as servicing needs. There is also growing importance given to 
the accuracy of computer models and whether these correlate with manufacturing processes in the 
real world. 
A leading strategy in vehicle design and production is one that is based on reducing the mass of 
the car by the consistent use and optimum application of lightweight construction techniques. The 
aim of lightweight construction is to achieve a minimum construction weight, while 
simultaneously using all materials optimally. The growing use of aluminium in automotive 
engineering is rapidly increasing the experience base of the technologies involved, and hence the 
changes that will be integrated into assembly-production in the next few years will be concerned 
with the complete process concatenation of alloy production, via semi-finished product production 
and shaping through to mechanical processing and joint engineering in body shell construction. 
Joining technologies will have a decisive role to play in the competitiveness of aluminium body 
structures. 
With the new generation of integrated CAD-CAE applications, there is an apparent lack of 
software tools that can simulate industrial processes such as part assembly by welding, bonding, 
riveting or bolting. 
In particular for welded flexible parts, there is no efficient exhaustive computational aid for 
tolerancing and metrology available on the market. The assembly of structures consisting of parts 
that are subject to warping or distortion, in addition to dimensional variation, requires that 
assembly forces be considered. Finite Element Analysis (FEA) is a powerful numerical method 
used for deformation analysis of most engineering problems. By combining FEA with statistical 
tolerance analysis, the range of stress and distortion of assemblies can be estimated statistically 
and compared to design limits. However, there is still much needed research in this field and this 
research will examine the shortcomings of existing works. In particular, consideration will be 
given to the complex interactions among flexible parts, assembly tooling fixtures and joining 
processes to facilitate the increased awareness and understanding of the mechanics of variation in 
body construction. 
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1.2 AIMS & OBJECTIVES 
The primary aim of this research is to create knowledge to enhance the tools and techniques 
available for the dimensional control of deformable automotive assemblies with a particular focus 
on the design and construction of aluminium body-in-white (BIW) structures. 
Additionally this research will demonstrate an approach to applying appropriate knowledge in an 
expedient way during the early phases of the automotive product development cycle, and in the 
digital environment, to facilitate informed decision making where only limited and uncertain 
product and process data is available. 
The above aims are addressed in the following objectives:-
• Determine and review the current state-of-the-art for dimensional management and 
variation analysis, to include analysis of deformable assemblies. 
• Evaluate the application and utility of finite-element methods in the modelling and 
dimensional analysis of deformable assemblies. 
• Utilise Dassault Systemes' CATIA Tolerance Analysis of Deformable Assemblies 
(T AA) to model the case of a suitable selection of aluminium vehicle components or 
a sub-set of an aluminium-intensive vehicle assembly; the objective of this work 
being to identify the limitations, if any, of assuming rigid body of motion in the 
analysis of dimensional variation in vehicle assembly processes; and highlight issues 
relating to the application of computer-aided tolerancing (CAT) tools in the 
automotive industry. 
• Establish the capability requirements for tolerance analysis software and evaluate 
how CAT tools can be utilised in the early phases of the automotive product 
development cycle. 
• Evaluate the use of the CATIA T AA software module as a tool for modelling the 
behaviours of steel and aluminium parts, assembly fixtures, and joining processes 
used in the production of state-of-the-art BIW structures. 
• Propose, where necessary, additional functionality and enhanced performance for 
computer-aided tolerance analysis over and above that provided by software vendor 
solutions. 
• Investigate the mechanics and the nature of product and process variations and their 
effect on the design, development, manufacture, assembly, and inspection of 
aluminium vehicle structures consisting of deformable parts. 
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2. LITERATURE REVIEW 
The following chapter aims to give the reader an insight into the field of dimensional management 
and associated tools, and review the start-of-the-art for aluminium-intensive-vehicle production. 
2.1 BODY ENGINEERING 
Today's vehicle designers have to meet the needs of a market which is rapidly evolving on two 
fronts. Consumers expect and demand higher standards of safety, refinement, ride comfort, 
stability and handling, and comfort and convenience features. At the same time, new market 
segments have emerged and taken a significant share of sales, especially among higher-priced and 
more profitable vehicles: the MPV (multi-purpose vehicle), the RV (recreational vehicle) and the 
SUV (sport utility vehicle) being examples. The expanding markets of the developing world also 
demand that new product development meets their needs and aspirations, particularly in the realms 
of affordability and low-cost maintenance. 
To achieve success, the vehicle engineer - and most of all, perhaps, the body design engineer -
needs access to a wider range of technologies, and components with a higher technical content, 
than was previously considered normal. This trend is likely to continue. The proliferation of 
vehicle types, and the pressure they place on conventional production arrangements, has resulted 
in two highly significant trends: the evolution of more 'flexible' manufacturing facilities, and the 
adroit standardisation of large components in apparently dissimilar vehicles. The first of these 
trends has led to the serious study of off-line assembly of major 'modules' by first-tier suppliers, 
while the second has become the most evident in the 'platform' approach now adopted by all 
major manufacturers. Both of these trends are likely to continue, and to become 'standardised' in 
their pattern of application. 
At the same time, the weight of legal requirements continues to increase. Beyond the established 
(and still evolving) imposition of passive safety and exhaust emission standards, likely new 
requirements include an insistence that a higher proportion of the vehicle mass shall be capable of 
life-end recycling. 
2.1.1 CRAFTSMANSHIP 
Craftsmanship practices are now underpinned in a number of vehicle engineering activities, 
through body engineering, integration, interior trim, seats and restraints, safety, body-in-white, and 
CAB disciplines, and their respective testing activities (Hazell, 2001). 
Craftsmanship can be defined as perceived quality. Different customers have different wants and 
needs and so perceive things differently. Attributes of craftsmanship include: Appearance, Tactile, 
Auditory, Olfactory, and Function (precision and satisfaction). User-friendliness is underpinned by 
all these elements (Hazell, 2001). Additional elements of craftsmanship include ergonomics, 
surprise-delight features, trim size, colour matching, grain, and night-time illumination. In essence, 
4 
0 6 2: 
-
rX400(4.S) 
l-
d:: 
cc:: 
!l. 
-I 
(/) 
:2 
~ 
2 
(J) 
l-
u.. 
« 2 
~ Ford Ka (3,2> () 
- Jaguar 
.-l 1 
« om Town CO Car (3.1) 0 
...J C) 1995 199& 1991 199$ 1999 2000 2001 2002 200::1 2004 
Figure 1: Market positions according to Global Craftsmanship Rating (Ford Intranet) 
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craftsmanship is really 'attention to detail in design and manufacture' in delivering these attributes 
into the product for customers. 
Figure I shows the relative market positions of a number of vehicles derived from the Global 
Craftsmanship Rating System developed by Ford, and introduced in 2001. 
At present, the new Skoda is perceived to have good craftsmanship. 'Best-in-class' is considered 
by many in the automotive industry to be Audi, Volvo, Seat and Skoda, although there are also 
Lexus, Mercedes and Porsche to consider. 
Figure 2: Attributes of vehicle craftsmanship (Ford Intranet) 
2.1.2 DIMENSIONAL MANAGEMENT 
Dimensional management is a process by which the design, fabrication, and inspection of a 
product are systematically defined and monitored to meet predetermined dimensional quality 
goals. It is an engineering process that is combined with a set of tools that make it possible to 
understand and design for variation. Its purpose is to improve first-time quality, performance, 
service life, and associated costs. Dimensional management is sometimes called dimensional 
control, dimensional variation management or dimensional engineering (Hazell, 1998; Jeffreys, 
1998; Leaney, 1996; and Moh, 1996). 
2.1.2.1 Dimensional Management Systems 
Inherent in the dimensional management process is the systematic implementation of dimensional 
management tools (Drake, 1999). A typical dimensional management system uses the following 
tools: 
• Geometric dimensioning and tolerancing 
• Key characteristics 
• Statistical process control 
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• Variation measurement and reduction 
• Variation simulation tolerance analysis 
Geometric Dimensioning and Tolerancing (GD& T) 
Geometric dimensioning and tolerancing is an international engineering drawing system that offers 
a practical method for specifying 3-D design dimensions and tolerances on an engineering 
drawing. Based on a universally accepted graphic language, as published in national and 
international standards, it improves communication, product design, and quality. Therefore, 
geometric dimensioning and tolerancing is accepted as the language of dimensional management 
and must be understood by all members of the product engineering group. Some of the advantages 
of using GD&T on engineering drawings and product data sheets are that it: 
• Removes ambiguity by applying universally accepted symbols and syntax. 
• Uses datums and datum systems to define dimensional requirements with respect to part 
interfaces. 
• Specifies dimensions and related tolerances based on functional relationships. 
• Expresses dimensional tolerance requirements using methods that decrease tolerance 
accumulation. 
• Provides information that can be used to control tooling and assembly interfaces. 
Key Characteristics 
A key characteristic is a feature of an installation, assembly, or detail part with a dimensional 
variation having the greatest impact on fit, performance, or service life. The identification of key 
characteristics for a specific product is the responsibility of a product engineering group working 
very closely with the customer. 
Key characteristic identification is a tool for facilitating assembly that will reduce variability 
within the specification limits. This can be accomplished by using key characteristics to identify 
features where variation from nominal is critical to fit and function between mating parts or 
assemblies. Those features identified as key characteristics are indicated on the product drawing 
and product data sheets using a unique symbol and some method of codification. Features 
designated as "key" undergo variation reduction efforts. However, key characteristic identification 
does not diminish the importance of other non-key features that still must comply with the quality 
requirements defined on the drawing. 
The implementation of a key characteristic system has been shown to be most effective when the 
key characteristics are: 
• Selected from interfacing control features and dimensions. 
• Indicated on the drawings using a unique symbol. 
• Established in a team environment. 
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• Few in number. 
• Viewed as changeable over time. 
• Measurable, preferably using variable data. 
• Determined and documented using a standard method. 
Statistical Process Control (SPC) 
Statistical process control is a tool that uses statistical techniques and control charts to monitor a 
process output over time. Control charts are line graphs that are commonly used to identifY sources 
of variation in a key characteristic or process. They can be used to reveal a problem, quantifY the 
problem, help to solve the problem, and confirm that corrective action has eliminated the problem. 
Variation Measurement and Reduction 
After key characteristics have been defined and process and tooling plans have been developed, 
parts must be measured to verify conformance with their dimensional specifications. This 
measurement data must be collected and presented in a format that is concise and direct in order to 
identify actual part variation. Therefore, measurement plans and procedures must be able to meet 
the following criteria: 
• The measurement system must provide real-time feedback. 
• The measurement process should be simple, direct, and correct. 
• Measurements must be consistent from part to part; detail to assembly, etc. 
• Data must be taken from fixed measurement points. 
• Measurements must be repeatable and reproducible. 
• Measurement data display and storage must be readable, meaningful, and retrievable. 
A continuous program of gauge and tooling verification and certification must also be integrated 
within the framework of the dimensional measurement plan. Gauge repeatability and 
reproducibility (GR&R) studies and reports must be a standard practice. Assembly tooling must be 
designed so that their locators are coordinated with the datums established on the product drawings 
and product data sheets. This will ensure that the proper fit and function between mating parts has 
been obtained. The actual location of these tooling points must then be periodically checked and 
validated to ensure that they have not moved and are not introducing errors into the product. 
Variation Simulation Tolerance Analysis 
Dimensional management tools have been successfully incorporated within commercial 3-D 
simulation software (Jeffreys, 1998; Leaney, 1996). The typical steps in performing a variation 
analysis using simulation software are listed below (see Fignre 3): 
Step 1: A conceptual design is created within an existing computer aided engineering (CAE) 
software program as a 3-D solid model. 
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Step 2: The functional features that are critical to fit and function for each component of an 
assembly are defined and relationships established using GD&T symbology and datum 
referencing. 
Step 3: Dimensioning schemes are created in the CAE database and are verified and analysed by 
the simulation software for correctness to appropriate standards. 
Conceptual Design 
(3-D Solid Model) 
~Ir 
Functional Feature 
Definition (GD& 1) 
Ir 
GD&T Verification 
and Analysis 
~ 
Functional Assembly 
Model 
~Ir 
3·0 Assembly Tolerance 
Analysis 
Figure 3: Variation analysis 
(Drake, 1999) 
Step 4: Using information from the CAE database, a 
functional assembly model is mathematically defined and a 
definition of assembly sequence, methods, and measurements 
is created. 
Step 5: Using the functional assembly model, a 3·D assembly 
tolerance analysis is statistically performed to identify, rank, . 
and correct critical fit and functional relationships between 
the mating parts that make up the assembly. 
The advantages of using simulation software are that it can 
be integrated directly with existing CAE software' to provide 
a seamless connnunication tool from conceptual design to 
final assembly simulation without the expense of building 
traditional prototypes. The results also represent reality 
because the simulations are based on statistical concepts 
taking into account the relationship between functional 
requirements as well as the expected process and 
measurement capabilities. 
2.1.2.2 The Dimensional Management Process 
The dimensional management process can be divided into 
four general stages: concept, design, prototype, and 
production (Drake, 1999). These stages integrated with the 
various dimensional management tools can be represented by 
a flow diagram (see figure 4). 
The key factor in the success of a dimensional management program is the commitment and 
support provided by upper management. Implementing and sustaining the dimensional 
management process requires a major investment in time, personnel, and money at the early stages 
of a design. If top management is not willing to make and sustain its commitment to the program 
throughout its life cycle, the program will fail. Therefore, no dimensional management program 
should begin until program directives from upper management clearly declare that sufficient 
personnel, budget, and other resources will be guaranteed throughout the duration of the project. 
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Figure 4: The dimensional management process (Drake, 1999) 
It is imperative that the product dimensional requirements are clearly defined in written objectives 
by product engineering groups at the beginning of the design cycle. These written objectives must 
be based on the customer's requirements for the design and the process and measurement 
capabilities of the manufacturing system. If the objectives cannot be agreed upon by a consensus 
ofthe dimensional management team, the program cannot proceed to defining the design concept. 
The design concept is defmed by developing a 3-D solid model using a modern computer-aided 
engineering system. The 3-D model provides a product definition and is the basis for all future 
work. 
Key characteristics are identified on individual features based on the functional requirements of 
the mating parts that make up assemblies and sub-assemblies. Features that are chosen as key 
characteristics will facilitate assembly and assist in reducing variability during processing and 
assembly. 
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Geometric dimensioning and tolerancing schemes are developed on the basis of the key 
characteristics that are chosen. Other requirements for correct fit and function between mating 
parts are also considered. A major objective for this GD&T activity is to establish datums and 
datum reference frames that will maintain correct interfaces between critical features during 
assembly. The datum system expressed by GD&T symbology also becomes the basis for 
determining build requirements that will influence processing, tooling, and inspection operations. 
The product and process designs are optimised using variation simulation software that creates a 
functional assembly model. A mathematical definition of the assembly sequence, methods, and 
measurements that are based on the design concept, key characteristics, and GD&T scheme 
established in earlier stages of the program is created. This definition is used to statistically 
perform simulations based on known or assumed Cp and Cpk values, and to identify, rank, and 
correct critical fit and functional relationships between mating parts. These simulation tools are 
also used for the verification of the tools and fixtures. This is done so that datums are correctly 
coordinated among part features, and the surfaces of tool and fixture locators are correctly 
positioned to reduce variation. 
Measurement data is collected from gauges and fixtures before production to verify their capability 
and compatibility with the product design. When the measurement data indicates that the tooling is 
not creating significant errors and meets the defined dimensional objectives, the product is 
released for production. If any problems are discovered that need a solution, further simulation and 
refinement is initiated. 
During production statistical process control data is collected and analysed to continually refine 
and improve the process. This in tum produces a product that has dimensional limits that will 
continue to approach their nominal values. 
The dimensional management process can substantially improve dimensional quality for the 
following reasons: 
• The product dimensional requirements are defined at the beginning of the design cycle. 
• The design, manufacturing, and assembly processes all meet the product requirements. 
• Product documentation is maintained and correct. 
• A measurement plan is implemented that validates product requirements. 
• Manufacturing capabilities achieve design intent. 
• A feedback loop exists that ensures continuous improvement. 
2.1.3 VIRTUAL PRODUCT INTRODUCTION 
The phrase "better-faster-cheaper" has become commonplace today, and perhaps a little tiresome. 
But nowhere is that phrase more applicable than in the design and development departments of 
automotive manufacturing companies. In fact, this imperative is becoming a basic price of 
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admission for survival of vehicle manufacturers worldwide. Factors such as new regulations, 
emerging technologies, hybrid fuels, consumer demands, and competition have contributed to an 
evolution in the product development process. To remain successful and competitive, CAD/CAE 
groups have begun rethinking and redesigning their work processes and computing environments 
(Anon,2000b). 
The reality today is that design and development groups have been able to cut the turnaround time 
on new vehicles from three to five years to 12 to 24 months. At the same time - through efficient 
outsourcing, advanced simulations of prototypes, and new materials - vehicle manufacturers have 
been able to introduce more products, including hybrid vehicles. 
With these improvements, however, comes a catch-22: how to speed time to market and improve 
product quality? This issue is one of the industry's most important challenges. Do you trade off 
10% of your CAE verification cycles to get a new vehicle delivered weeks sooner, risking a recall 
later? Do you instead extend your simulation and testing process to assure that your new 
suspension system has been verified under all conditions, only to lose market enthusiasm when a 
competitor launches their vehicle ahead of yours? 
The reality today is that the costs of research, development, testing, compliance, and quality are 
making the process of designing new vehicles very expensive and complicated. At the other end of 
the spectrum, the window of opportunity is shrinking as consumers want increasingly more for 
their money and are easily turned offby a vehicle that is slightly out of date. Manufacturers cannot 
afford to make a mistake in development, pricing, promotion, or delivery. 
Technology is having a profound impact on the product development process today, allowing 
companies to do more work, faster than ever before, and at the same time giving them more 
control over their internal systems and resources. 
The most significant impact computer technology has had on the design and development process 
is in the simulation and verification of the design-to-manufacturing process of new vehicle bodies, 
engines, suspensions, and electronics. Traditionally, stylists would sketch ideas for a new concept 
and then "dump" their creations over to CAD engineers, who would then take those ideas and 
build models on their drafting tables along with associated design criteria and documentation. 
CAE engineers would then take these blueprints and create physical models of the designs to be 
run through a barrage of live tests to assess flaws, structural defects, and manufacturing 
specifications. The process was long and error-prone. 
Advanced software and hardware tools now allow the entire process to flow electronically from 
styling to design to analysis to manufacturing, as well as looping back to improve the process. The 
key to all of this is the electronic design model that carries with it all the specifications and 
tolerances necessary to test and ultimately manufacture the vehicle. Flowing ·these design models 
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throughout the R&D process - with all the shared data - minimises errors, speeds development, 
and improves quality. This workflow process has allowed global design teams to collaborate 
around the clock on projects - sharing tools, workloads, and critical knowledge. 
In addition, this electronic process permits manufacturers to minimise the amount of physical 
testing that is performed on new vehicles. Expensive, time-consuming, and limited physical testing 
simply cannot match the capability and quality of computer simulations. While tradition and the 
high cost of mistakes often make some people prefer real, hard data to "animated" pictures, it is 
just no longer possible to be competitive using traditional techniques. By using advanced computer 
simulations, validated against selective physical tests, engineers can perform more analyses in less 
time. The traditional approach to vehicle development requires extensive use of local and full-
scale physical models. However, there are many detail design issues that get overlooked when 
using physical models. This is often due to extra time and cost involved in accurately modelling 
complex design details within the physical model and not fully appreciating manufacturing 
assembly and dimensional variation issues. Major differences between virtual modelling and the 
traditional approach are summarised in table 1: 
Traditional Approach Virtual Modelling Approach 
Customer focus does not always Process is customer driven with no functional 
prevail. barriers. 
Manufacturing feasibility issues are Mathematical product data is used to predict 
expressed as individual opinion. and visualise manufacturing outcomes. 
Complex component interfacing areas High qualily 3D visualisation helps the team to 
are not optimised to eliminate see design out unacceptable see through gaps 
through gaps and rat holes. and rat holes. 
Innovation is stifled due to lack of objec- Interactive and collaborative environment 
tive corn munication across exists to foster innovation and problem 
dU~rentfuncnons. solving. 
Potential cosmetic & dim ensional varia- Potential cosmetic defects and worse case 
tion problems are not predicted. dimensional variation are visualised, including 
potential solutions. 
Process does not reinforce concurrent System quickly highlights data and inform ation 
engineering philosophy & discipline. gaps. 
No 0 bjective cosm etic quality accep- Quality acceptance criteria & validation 
tance standard & validation methods. process are based on objective data. 
No intermediate component& process Corn ponent & process specific targets exists 
specific quality targets exist. to meet end product quality standard. 
Large number of late design changes to Minimal or no late product design changes 
reduce quality problems. required to improve product quality. 
little scope to evaluate different options Ability to generate range of solutions based on 
cheaply and quickly. objective data. 
Table 1: Differences between virtual and traditional approach to 
vehicle development (Singh and D'Silva, 1998) 
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Traditionally the development of product quality standards early on in the product definition 
process has been very much the application of generic sets of tolerances along with an opinion of 
what the manufacturing process can achieve (Singh and D'Silva, 1998). Today VR tools can be 
used to display the impact of design tolerance stack-up on the aesthetic quality of the vehicle and 
this helps to create a more objective and customer centred process. It enables the vehicle project 
team to: 
• set competitive customer focused quality targets. 
• adopt a design approach that accounts for manufacturing process variation. 
• get early agreement that the desired quality level can be achieved. 
Applications of simulation and virtual reality tools in vehicle development provides significant 
new opportunities for manufacturers to develop more radical styles in shorter time frames with a 
high level of confidence in the product build quality. The total product development process must 
take less time, consume fewer resources, and be more responsive to changes in the economy, the 
market, regulation, and technology. This is the core challenge facing automotive executives, 
designers, and engineers. Key to meeting this challenge are the many trade-off decisions that must 
be made early in the concept development phase of the life cycle, and which are critical to the 
unfolding, and ultimate success of a vehicle program. The industry must make these decisions 
based on more, and more certain, knowledge and must employ that knowledge in shorter decision 
cycles. Better information and shorter cycle times will decrease the need for costly and time 
consuming revisions at later stages. Also, because unpredictable changes will always exist, shorter 
decision times are needed to assure powerful responses to unforeseeable events (Morell and 
Andrea, 2003). 
Implementation of simulation tools should also help to foster increased collaboration and 
communication across different functions and accelerate product and process innovations to meet 
rapidly changing consumer demands. 
Vehicle leadtime is continuously being shortened by the utilisation of CAD/CAElCAM (Szefi, 
1997). Other means of shortening leadtime, such as the more intense use of virtual design tools for 
both interior and exterior applications, will become commonplace. Once defined, these virtual 
product models can be used over and over again to conceptualise rapidly and build new designs. 
Companies can create product definitions which incorporate the intuitive knowledge of designers 
and engineers about design and manufacturing processes thus reducing time spent on routine 
design work and freeing up designers for more creative thinking. Companies also view 
knowledge-based engineering (KBE) as a means of reducing their vulnerability to knowledge 
holders. KBE techniques have generated impressive savings, reducing design times from weeks to 
minutes, in some cases. In the example of a bonnet stiffener, design time was reduced from six to 
eight weeks to just 20 minutes (Kochan, 1999). 
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Virtual verification has become an important tool for cutting costs and shortening lead times, as 
the vehicle market becomes increasingly competitive and customers more demanding (Wickman, 
2002). New tools and methods are used to, support the development process in order to maintain 
market leadership. Today, when an industrial design concept is evaluated in an aesthetic manner 
no consideration is given to geometrical variation, i.e. the concept is evaluated with nominal 
models. If geometrical variation were to be considered as early as the concept phase, when 
industrial design concepts are evaluated, the possibility to discover aspects that can influence on 
the quality appearance would be enhanced. By using non-nominal models during the design 
process, important geometric aspects can be stressed and the need for physical test series can be 
reduced. In the automotive industry, especially in body design, the relationships between doors, 
bonnets, fenders and other panels are critical for the quality appearance. The level of variation in 
these relations is affected by part variation, assembly variation but also with the robustness of the 
design concept. The robustness, i.e. the ability to suppress variation, is dependent on the design 
and style configuration. The ability to evaluate and verify product design early in the design 
process has been an important activity to meet a modest development time. If virtual evaluation 
can be done early, the probability decreases of taking incorrect decisions that may result in 
expensive post-conceptual changes. 
Wickman, Soderberg, and Lindkvist (Wickman, et ai, 2001 and Wickman and Soderberg, 2003) 
present how virtual reality techniques can be used to visualise simulation results gained from 
tolerance analysis. Combining traditional CAT tools with modem VR tools has the potential to 
enhance concurrency between styling and design and provide more powerful support for the 
geometry process in early phases. Traditional non-nominal verification can then be performed 
already in the concept phase using digital models instead of physical. An example rear end of a 
vehicle (Volvo S60) is used to illustrate how integrated CATIVR tools can be used to support 
decision making and virtual verification throughout this process. 
In Maxfield, et ai, (2000a, 2000b, 2001, and 2002) a comprehensive outline of a computer system 
for visualisation of cosmetic quality is presented. This is the result of a collaborative research 
project, known as VITAL (Visualisation of the Impact of Tolerance Allocation in Automotive 
Design), researching and developing prototype software to enable designers to easily assess 
cosmetic quality as components and assemblies deviate from nominal. It's most recent application 
is the aesthetic assessment of the glove box assembly within the instrument panel of the Jaguar S-
Type. The assembly is composed of over 80 rigid and flexible components. The components are 
made from a wide range of materials from metal alloys and injection moulded plastics for the main 
shape and strengthening components to wood, leather and textiles for trim and upholstery. VITAL 
brings together a combination of interactive simulation technologies including tolerance variation, 
assembly, deformation, appearance and environment modelling. The case study illustrates how the 
tool can be used for setting, predicting and assessing aesthetic quality targets throughout the design 
process without the need to produce physical prototypes. 
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2.2 LIGHTWEIGHT VEHICLE CONSTRUCTION 
The volume production of light-duty vehicle bodies continues to be organised almost entirely 
around the assembly of pressed sheet steel panels into 'unitary' (integrally stress-bearing) bodies 
by jigging and spot-welding. In practice, the unitary body can actually be considered as two parts, 
the platform and the upper body. The platform incorporates all the mounting points and 
attachments for the engine, transmission, suspension, fuel tank, exhaust system and other 
important elements. Its design is therefore more difficult and expensive to change than that of the 
upper body which acts fundamentally as protection for the vehicle occupants, and as a housing for 
the majority of body systems, while also providing hinged attachment points for the 'openings' -
doors, bonnet, and rear hatch or boot lid. Modem vehicle design is therefore increasingly based 
around the combination of a number of upper body sections with a much smaller number of 
platforms. A fundamental of efficient modem design is to achieve this combination at low cost 
while also ensuring the efficient distribution of stresses (those of normal use, and also of impact 
loads) through both the platform and the upper body. If such efficiency is achieved, acceptable 
body stiffness in bending and torsion can be achieved at the lowest body weight. 
The era of traditional mass-production of automobiles seems to have come to a halt. The 
incitement for cost-effectiveness, that urged on the introduction of the assembly line in the 
beginning of the previous century, seems to fade away in favour of other attributes like 
crashworthiness, driving performance, reduced fuel consumption, advanced driver's information 
etc. Also the sense of individuality that flows through the western society means that the customer 
demands a certain level of uniqueness of the products offered. Therefore the concept of the body 
structure, or body-in-white, is undergoing a paradigmatic shift in engineering and manufacturing, 
which calls for new technical solutions (Larsson, 2002). Customer demand and increasing 
competition is forcing car manufacturers to develop more models in a shorter leadtime measured 
from model or styling freeze until start of production (Schupp, 1998). 
Traditional unibody construction calls for massive investment in three production areas; in the 
hydraulic presses needed to produce panels of large size and complex shape, in the jigs needed to 
locate them accurately in relationship with each other, and in the spot welding robots needed to 
perform the actual assembly. The essential virtue of unibodies is that of an eggshell. By 
distributing stresses more or less evenly in all directions, it achieves great stiffness in relation to its 
weight. Its biggest drawback is its fragility when subjected to an impact with a substantial 
component perpendicular to the shell. Therefore the ideal body structure has lately been developed 
to become an extremely stiff and strong compartment - the safety cell - protected in the worst 
impact cases by front and rear structures designed to absorb energy while crumpling. In truth, the 
average body structure has become more like a spaceframe, with box-section members running not 
only around the side openings but also transversely, while yet other members make sure that 
impact loads, which could not be absorbed, are transmitted into areas where they would do least 
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harm. However this spaceframe could still be called unibody, because it is still spot welded to a 
skin which contributes to the body stiffness. 
Spaceframe and unstressed body panels have been common practice among low-volume car 
manufacturers for many years, simply because they can not justify the expense of tooling up for 
unibody construction. One needs to be contemplating a run of at least 50,000 bodies before you 
can do so, and the economics get better the more bodies you make, up to around 500,000 after 
which the dies need to be refurbished or replaced. 
Today, most spacefrarne structures are based on aluminium, taking advantage of the favourable 
manufacturing technique of extruding this material into beams with closed or open sections, with 
or without internal stiffeners. The closed sections can then be given a more complex shape through 
hydroforming. Well-known examples of this spaceframe technology are the products coming out 
from the Audi Neckarsulm plant, the AS and A2 models. However, steel spaceframes can also be 
cost-effective, using the roll forming technique to create cross-sections of very complex geometry, 
which also later on can be hydroformed to its final shape. Developing this "steel track" implies at 
least two other advantages over aluminium; lower material price and a more well-known material 
type for the body shop community. 
2.2.1 MATERIALS TECHNOLOGY FOR BODY CONSTRUCTION 
What follows is a brief summary of the main considerations relating to the choice of materials for 
body construction. 
Steel 
Rolled sheet steel remains overwhelmingly the material choice for the manufacture of light-duty 
vehicle bodies in significant volume - from 50,000 units/year upwards. At smaller volumes, the 
trade-off between the low cost of the material itself, and the high cost of the machinery used to 
handle it (and especially of the dies used to press-form it) becomes more problematic. No 
satisfactory 'middle way' has been devised between the high-cost, long-life die for volume 
production and the low-cost, short-life type which are extremely useful for prototyping and pilot 
builds having a typical life of 100 panel sets compared with the 500,000 panel sets that could be 
expected from long-life dies given proper maintenance and refurbishment. 
The sheet steel itself has been technically developed, especially in the last 10-15 years, partly in 
response to the challenge of aluminium but mainly to meet the demands of body engineers in 
terms of weight reduction and passive safety performance. There have been parallel improvements 
in quality, especially in areas such as sheet thickness uniformity. The standard technique for steel 
body panel shaping remains the heavy-duty hydraulic press, now very highly developed into fully 
automated and enclosed sequential multi-station machines capable of very high throughputs. 
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An a lternali e tec hn iq ue whi ch is quick ly ga inin g accepta nce is that of hyd rofo rmin g, in whi ch a 
tube is ex panded aga in st a mo uld by inte rna l hydraulic pressure (A hm etog lu , 2000; Fera ille, 2002; 
Pe rarnau and Tondo, 2002; Nottrot1 , 2002; Do ng, 1999). Hydro fo rming is espec ia lly suitable fo r 
complex beam shapes of the ki nd w hich one n perfo rm structura lly important functio ns in modern 
car bod ies. T ubu la r hydroform ing and its co ld working effect produces h igh dim ensiona l stab il ity 
and increases the effecti ve y ie ld strength in a co mponent. 
Fo r exa mple, fi g ure 5 shows the Ultra Lig ht Stee l A uto Body (ULSAB) be in g developed by a 
consort ium of 35 stee l manu facturers worldwide (ULSAB, 1998: Adam, 2002; Flaxa and Shaw, 
2002). The hydro fo rmed s ide roof rail is made fro m a we lded, high strength steel tube of Imm 
thickness and outs ide d iameter of96mm w ith a y ie ld strength of280 MPa. Hyd roforming is used 
in the ULSAB proj ect as a means of mass reduction by com bi ning compo nents that wou ld 
normal ly be s tamped or resistance we lded togethe r into o ne part. 
Figure 5: The UltraLight Stee l Auto Body (ULSAB) 
It is th roug h the continued deve lopment of advanced manufacturing processes s uch as 
hydrofonning , th e production of ta ilored blanks, and stee l/thermo plastic sandwic h mate ri a ls that 
stee l is continuing to ho ld its own agai nst a backdrop of inc reasing ly stringent environm enta l 
requirements and gro\ving competition from aluminium and composite plastics materi als 
(Langera k and Kragtwijk, 1998; Larsson, el al., 2003; Johnsonan and Mascar in, 2002; Pl assart and 
Philip, 2002). 
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Aluminium 
The main appeal of aluminium based-alloys for the vehicle body engineer is lightness, or more 
precisely its higher ratio of strength to weight compared with steel. This enables an aluminium 
alloy body to be made approximately half the weight of a conventionally engineered steel body 
with similar stiffness and passive safety performance. This advantage has been thrown into sharp 
focus by current anxieties about fuel consumption and the greenhouse effect. Also, aluminium 
does not rust; in fact it is protected by surface oxidation (which is not to say that it does not 
corrode, especially in the presence of salt - although sea water resistant alloys are available). 
The principal drawback of aluminium is cost, which is not only substantially higher than that of 
high quality steel because the metal refining process is a prodigious energy consumer, but also 
subject to considerable fluctuation because existing demand and potential supply are more evenly 
balanced. In addition, aluminium is somewhat more difficult to spot-weld than sheet steel, 
demanding extremely accurate control of welding current and timing. This difficulty has itself 
been sufficient to discourage the idea of using aluminium sheet as a direct replacement for steel. 
Most research teams, including those who have put aluminium-bodied cars into limited-scale 
production have therefore developed alternative approaches to body structural design, generally 
seeking to carry the principal loads through a jointed framework of extruded aluminium tubes of 
complex section (it is virtually, certainly economically, impossible to extrude steel tubes in the 
same way). 
The aluminium industry has suggested that eventually, most of the raw material needs of the motor 
industry could be met by recycling, since in contrast to the expense and difficulty of its extraction 
as a raw material, aluminium is easily and efficiently recycled. The problem remains of how to 
inject sufficient aluminium into the cycle in the first instance. 
Although there has been a shortage of some kinds of aluminium scrap, there is not an overall 
shortage (Eurotrends Research, 2000). In the longer term the scrap stream will rise as cars with 
enhanced aluminium content reach the end of their life. Primary and recycled aluminium do not 
usually compete. Primary metal is used mainly in body panels (important for electric and hybrid 
cars). 
It should also be noted that because a conventional steel body accounts for approximately 30% of 
the total weight of a passenger car, a switch to all aluminium construction would result in an 
overall saving of no more than 15% in the vehicle's kerb weight. This is still significant, but not 
sufficiently so to have persuaded the vast majority of vehicle body designers to abandon a material 
which they have known and trusted for so long, for which the necessary production machinery is 
in place, for which the technical solutions are so highly refined, and which is still being developed 
to offer better performance. 
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Aluminium alloy panels may be shaped by any of the methods used for steel, although more care 
is needed in deep-drawn pressing to avoid visible stretch-marking of cavity walls. Aluminium 
sheet is of course easier and less dangerous to handle than steel, but more susceptible to surface 
damage during handling. Its ready adaptability to skilled manual shaping by roller-press for 
prototyping purposes has become less relevant in a world where lightweight prototype dies can be 
cut directly using CAD/CAE digital inputs, and used to press sets of prototype panels (Miller et 
al., 2000, and Furrer and Ruckstuhl, 2003). Aluminium may also be readily and extremely 
accurately formed by extrusion into thin-walled sections of considerable complexity and cross-
sectional area. Many researchers into vehicle body structures have considered the potential of such 
extrusions as substitutes for the box-sections of steel bodies formed by the mating and welding of 
multiple pressings (Ahmetoglu, 2000; Feraille, 2002; Perarnau and Tondo, 2002; Nottrott, 2002; 
Dong, 1999; and Elkington, 2004). 
Plastics and fibre-reinforced composites 
Plastics are still, potentially, an alternative to aluminium as lightweight body materials. However, 
their challenge has been blunted throughout the last decade by anxieties about recycling. Plastics 
still continue to survive as a major material because for some purposes, their engineering 
advantages are overwhelming. 
The so-called 'plastic' car bodies which have been made in small volume for many years are 
almost invariably made from plastic composites. However, the term 'composite' covers any 
combination of dissimilar but intimately associated materials, such as the steel/plastic sandwich 
panels being used by a growing number of manufacturers. The major problems of recycling, or 
even of safe and economic disposal, presented by fibre-reinforced composite components when 
they reach the ends of their useful lives has severely limited their use in the last decade. Car body 
engineers much prefer to use 'pure' materials which can be reliably and simply recycled. 
2.2.2 UNITARY OR SPACEFRAME? 
Unitary construction - in which the car body is assembled from a large number of press-formed 
panels, typically about 300 - is the standard production method of the major car manufacturers. 
Although it is no trivial matter to replace steel with aluminium since the details of the pressing 
process -sheet gauges, bend radii etc - are different for the two materials, as are other aspects of 
their processing, essentially there is no reason why unitary construction in aluminium should not 
become the high-volume car production method of the future. Various unitary aluminium research 
cars such as BL Technology's ECV3 have already proved the point, as has Honda's NSX sports 
car. During 1994, Ford in the US built a fleet of 40 unitary bodied Aluminium Intensive Vehicles 
(ANs), based on its Taurus/Sable model, for field-testing around the world (Aluminium Extruders 
Association, 1995). 
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Unitary construction has never been weB suited to small and medium production volumes, 
however. Pressed panel piece costs are low but a high initial tooling investment is required. For 
this reason an alternative construction method has been developed for the aluminium primary 
structure, better suited to the limited production runs which early generations of aluminium-
bodied cars will command. 
Called spaceframe construction - although it involves none of the comprehensive triangulation 
many engineers will associate with the term -this method uses complex hollow extruded sections 
which are joined to form a rigid framework analogous to that of a frame tent. The body panels are 
then attached to this frame. 
In addition to being inherently economic because of the low cost of extrusion dies, spaceframe 
construction has the advantage of being highly adaptable. Cast aluminium 'nodes' can be used to 
join the extruded sections together, as in the Audi A8, but direct welding is possible too. 
The designer can also choose whether to stress the body panels or not, offering further adaptability 
in respect of cost and materials. Stressed aluminium panels offer the maximum body stiffness 
combined with minimum weight but are relatively expensive and may be judged to have 
insufficient dent resistance. Unstressed moulded thermoplastic body panels are a heavier but 
cheaper alternative with superior dent performance. Like aluminium panels, they are also 
recyclable. 
Some disagreement exists within the motor industry regarding spaceframe construction's 
suitability to high production volumes. The general view is that spaceframe construction is 
economically viable up to volumes of approx 100,000 units per annum, above which unitary 
construction is favoured. But it has been suggested that spaceframe construction might be 
developed into a competitive technology for large-scale production also. 
Alcan is convinced that the sheet stamped monocoque provides the maximum weight saving with 
the minimum requirement for new technology for medium to high volume production, where piece 
costs dominate (Scott, 1995). Existing stamped sheet production and assembly techniques, 
modified for aluminium, offer economic low weight car bodies. A1can has invested many years 
and considerable resources in the development of the patented Aluminium Vehicle Technology 
(A VT), which continues to be refmed and improved. The effectiveness of this technology has been 
successfully demonstrated by numerous programs with a variety of automotive manufacturers 
worldwide, resulting in aluminium prototypes engineered to the same exacting design standards as 
existing steel bodies, but with impressive weight savings of up to 50% of body weight without 
compromising performance or safety. 
A VT comprises the aluminium sheet alloy, the factory applied surface pre-treatment for bonding 
and spotwelding, the factory applied press lubricant, and the special Ciba Geigy structural 
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adhesive. All these components are compatible to allow the body parts to be stamped in the 
conventional manner from the pre-treated, pre-lubricated aluminium sheet or coil. The adhesive is 
applied without the need to clean off the press lubricant and the parts are held together with a 
reduced number of spotwelds through the uncured adhesive. The adhesive is then heat cured in a 
similar manner to that commonly used to cure the electrostatic primer or 'E-coat' on existing steel 
vehicles. 
These basic processes are very familiar to the makers of sheet steel monocoque car bodies, and 
only differ in detail from the current steel practice. The application by robot of the adhesive is no 
different to the process currently used to install vehicle windscreens. Many automotive 
manufacturers already apply some underbody sealants prior to assembly and spotweld through 
these sealants before cure. The spotwelding of aluminium with a suitable surface pre-treatment is 
now a practical proposition for volume production of monocoque aluminium intensive vehicles. 
The vast majority of parts now stamped in steel can be stamped in aluminium with minor 
modifications. Door panels and hoods are formed using conventional presses into their final shape. 
Some components are designed to have sharp creases (e.g., a "style line" of a hood) or deep 
recesses and small radii (e.g., curves like those found in door inner panels), which sometimes 
create problems for manufacturing engineers. These problems include splitting of the metal, 
wrinkling as material gathers in a corner, and springback when the part is removed from the die. 
Because of these issues, a single aluminium part may require more stamping stages than a 
comparable steel part, or the part may have to be divided into two or more pieces that are joined 
together, adding time and cost to the manufacturing process. A less desirable alternative is to make 
compromises on either the choice of material or the shape of the part. Thus engineers have been 
trying to develop other methods to replace or complement the conventional mechanical stamping 
process to fully realise the potential mass savings of using aluminium components. 
Researchers at the U.S. Council for Automotive Research (USCAR) and Ohio State University 
(Anon, 2000a) have experimented with a technique known as electromagnetic forming (EMF) to 
reduce or even eliminate the wrinkling and springback associated with conventional forming 
processes, as well as to increase the formability of aluminium sheet. The process works by passing 
a short-duration, high-current electric pulse through a coil, which is placed close to the part to be 
formed. This produces a brief but powerful magnetic field that generates an opposing magnetic 
field within the part to be formed. The coil and the part thus repel each other and the part is 
propelled into a forming die at high velocity, forming the part into its final shape. 
Initial results indicate that EMF greatly improves aluminium forming based on trials with two 
aluminium parts. Using EMF, researchers could form the desired surface contour in a hood 
without wrinkling. A second trial demonstrated that EMF extends the forming limits of aluminium 
sheet by shaping a difficult-to-form door inner panel without wrinkling or splitting. While the 
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researchers are encouraged by the preliminary results, much work remains to be done. One area of 
concern involves the coils used to create the magnetic filed. If EMF is to be employed on a large 
scale in the automotive industry, extremely robust coils will need to be developed. 
The introduction of aluminium into the car body structure in the form of hang-on-parts and 
structural modules offers the potential for significant weight reduction. However, lightweighting 
with aluminium in a system-oriented approach also allows manufacturers to reach the envisaged 
ecological benefits under the prevailing economical conditions. Most important in this respect is 
the availability of a wide range of aluminium product forms (sheet stampings, formed extruded 
components, net-shaped parts produced by various technologies). Depending on the targeted 
production volume, this multi-product capability allows the realization of new, innovative 
aluminium design concepts in particular for different production volumes. Intensive alloy 
development and manufacturing process optimization activities during recent years will ensure that 
the applied material quality satisfies all the requirements of the automotive industry. 
The use of aluminium for the primary structure of cars, while offering the highest weight saving 
potential, will still entail fundamental changes to current car production technology. Aluminium 
behaves differently to steel in most relevant respects, so choosing to use it in preference is not a 
simple matter of substitution - it cannot be treated as a lightweight form of steel. 
It is this step change in design and production methodology and the issue of aluminium's price 
stability which represent the biggest hurdles to the widespread adoption of aluminium as a body 
material. They can be overcome by close cooperation between the aluminium industry and car 
producers. Through such partnerships, cost stability will be assured and the remaining technical 
issues resolved, thus improving the cost effectiveness of aluminium in this application. 
Mascarina and Johnson (2002) explored the extended impact of advanced body technologies. 
Traditional cost model projections of direct manufacturing costs and mass are compared with the 
impact of functional system interrelationships and vehicle performance in order to assess the total 
vehicle costs and benefits of alternative systems. Both unibody and space/Tame designs consisting 
of steel, aluminium and composite constructed variants are evaluated. They conclude that at high 
volumes, cost benefits from primary and secondary weight savings, along with lifetime fuel usage 
outweigh the manufacturing premiums for aluminium unibodies, aluminium spaceframes, and 
lightweight steel spaceframes. Changes in powerplant technology and fuel prices will obvious alter 
these relative costs and savings. Up front purchase price is more important to consumers and 
OEMs than lifecycle costs, no matter how compelling. Whether this will change future legislation, 
vehicle life, and fuel prices remains to be seen. 
The United States Steel corporation (USS, 2004) outline a number of disadvantages to aluminium 
unibody and space/Tame designs. 
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Disadvantages ofunibody design:-
• FOImability of aluminium is poor in conventional stamping methods (high scrap rate 
expectancy). 
• Recycling problems associated with 5xxx and 6xxx series segregation, causing a wider 
variation in scrap revenues mixing alloys compared to steel grades. 
• There is a cost penalty associated with using aluminium compared to steel of comparable 
strength and part performance characteristics. 
• Insurance premiums increase along with costly repairability in the field. 
• Questionable dynamic performance increase in vehicle handling and fuel economy by 
this intensive use of aluminium based on case studies of comparable steel intensive 
vehicles (see High Performance section). 
• In most cases, little or no increase in fuel economy results from intensive use of 
aluminium. 
• Currently, there are larger design lead times for tooling development with aluminium 
than for steel parts, including higher tooling development costs. This is mainly due to 
the knowledge and experience base available for steel design and utilization. Also, the 
difference in springback characteristics and less total elongation for aluminium make 
designing for manufacturability more difficult. 
Disadvantages of spaceframe design:-
• An increased level of skilled labour is required for space frame construction, since the 
joining methods are more complicated that the conventional stamping method, based on 
data for the 2002 model year Audi A8. Most space frame vehicles on the market use 
fusion welding to join the extrusions to stampings or castings. Fusion welding requires 
specialized operators to ensure good welds are made. The new 2004 Audi A8 is said to 
have fixed some of these issues with use of laser welding and more automated processes. 
• Due to part variability, the extrusions must be manually positioned in the assembly 
fixtures for the A8 through the 2002 model year. The newest generation A8 is said to 
have resolved some of these issues by use of hydro forming for improving dimensional 
tolerance, but this added procedure may prove cost prohibitive for Audi since it is a 
separate added process. 
• Aluminium extrusion use requires secondary operations such as cutting, bending, and 
hydroforming, which can drive up assembly costs considerably, since these processes are 
separate. Steel also requires secondary operations but are performed in-line and in-
sequence during the stamping operations. 
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2.2.3 THE BL ENERGY CONSERVATION VEHICLE (ECV 3) 
Although not unique, and it is probable that other companies were seriously assessing aluminium-
based lightweight structures at the same time, the BL Technology EeV 3 was a significant 
development programme exploring the feasibility of ultra-fuel efficient vehicles. 
Figure 6: BL Technology's ECV3 unitary aluminium bodied research car 
developed in the early 1980s (Aluminium Extruders Association, 1995) 
Rover had long been users of aluminium (being virtually the only material available in 1948 for 
the bodywork of the land rover) and it was natural that experience gained with this material made 
it a strong contender for a fuel efficient concept car. The EeV 3 was a totally new design but 
incorporated many of the ideas and processes from its predecessors, EeVl and 2, and was first 
announced in 1982. A paper written on the car in (Kewley, 1985) commented that the concept 
stood up to examination after 3 years. The vehicle was planned with due regard to the total energy 
consumed in a vehicle life cycle and also total vehicle ownership costs. 
The bodyweight of the Eev 3 was 138 kg compared with 247 kg for an equivalent steel structure 
and the vehicle weighed 664 kg or the same as an Austin Rover Mini, yet the internal space was 
the same as an average mid-range European car. This weight reduction assisted in achieving all 
aspects of the specification. 
This technology was carried forward by A1can who had been close collaborators on the 
programme, with the objective of building replicas of production cars and developing adhesive 
bonding technology for use at all volume levels. 
2.2.4 HONDA NSX 
When the Honda NSX was launched in 1990, it became the first modem car to use aluminium for 
its primary structure (Aluminium Extruders Association, 1995). Following a consideration of 
specific strength, specific rigidity and equivalent rigidity compared with sheet steel, the decision 
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Figure 7: The Honda NSX low volume spons car, with a unitary con struction 
(Aluminium Extruders Associat ion, 1995) 
was made to manufacture the BIW in a luminium to reduce weig ht by about 140kg. The rigid ity of 
a ca r is c ritical to maintain stee ri ng stability, and to he lp improve this, the s ills were produced as 
ex trus ions with variable s ide wa ll th ick ness. 
To sati sfy diffe rent requirements for strength , Formab ility, weldability and coating, detailed 
prepa ratory backgrou nd stud ies showed that different a lloys should be used For d iffe rent pane l 
applications. 
By choos ing to use unitary construction, Ho nda adapted a hi gh-vo lume production process to the 
manufacture o f what is a low-vo lume spec ia list car. The base structure and ha ng-on exte r ior panels 
are constructed from sheet press ings, 5000 serie a lloy be ing used fo r most o f the inner s tampings 
and stro nger 6000 series alloys fo r the exterior body pane ls, to ensure adequate dent res is tance. 
The only tee l com ponent in the structure is the dashboard mounting member. 
As Alcan and BL Techno logy had a lready done for the ECV3, Honda found it necessary to 
deve lop special production processes for formin g and pre- treating the NSX 's pane ls. Spec ia lly 
po lished pressing dies and 23-stage surface treatmenr ensure a high qua li ty surFace fini sh prior to 
the body be ing painted us ing a wate r-so luble primer. 
It was fo und that wrinkli ng and hape contro l were the main probl ems o n fo rming, attributed to 
lower mod ulus which resulted in more springback (compared to s tee l). Twice the overcrowning 
allowance was required than for stee l in the forming of door o ute r pane ls. Together wi th 
proportio nally lower forming limit curves, it was found that new disc iplines in the fo rm of die 
adjustments, crowning and lubrication were essentia l if the required shapes were to be mass 
produced. 
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Welding is the prime j ointing method adopted although a limited amount o f adhes ive bonding is 
also used to attach some outer panels. Approximately 2500 spot we lds, a third of which are made 
robotically, and 600 MI G we lds in spots or short seams are used to j o in the body togeth er 
includ ing exterior panels the completed body we ighs 2 10 kg, a sav ing of 140kg (40%) over a stee l 
l11onocoque. 
Figure 8: A third orthe 2500 spot we lds used to assemble the Honda 
NSX are made robotica lly (A luminium Ex truders Association, 1995) 
A further 60kg is saved by the extensive use of aluminium castings and forgings for the 
sllspension, reinforcing the message that, to retain its ride refinement and roadholding on bumpy 
roads, a lightweight car must also have lightwe ight suspension. Aluminium is used within the ca r 
interior as well , with the seat frames being constructed of cast aluminium and the seat runners 
from extrusions. Honda ca lculates the total alumin ium content of the £60,000 NSX -which also 
has an aluminium engine block and head -to be about 34%, compared to an average of 8% for the 
remainder of its range. 
The NSX production plant in Tochigi was always intended as a pil ot proj ect for future limited-
production Honda vehicles also made in alum inium, although their exact nature is as yet unknown. 
2.2.5 LOTUS ELISE 
A n innovative combinat ion of adhes ive and r ivets is used to j o in the chass is of the Lotus Elise that 
is made primarily from aluminium extrusions (Kochan, 1996). The bonding technique was 
deve loped by the UK sports ca r company in partnership wi th C iba Polymers of Switzerl and and 
Hydro A lumin ium, of Denmark. 
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When Lot us Gro up eng inee rs set about deve lo pi ng the chass is o f the new Elise sports ca r, the 
dec is ion had al ready been taken that it sho uld be made, as far as poss ible, from a luminium 
extrusions (see fig ure 9). 
Figure 9: The Elise bonded alumin ium chassis we ighs halfas 
much as Ihe eq uiva len l one of welded slee l (Kochan, 1996) 
The use of extrusions as opposed to sheet alum in ium also gives cost sav ings. "The too ling la 
ac hieve comp lex-shaped extrus ions costs o nly a few thousand po unds whereas too ling to press 
a lu m iniu m sheet costs hu ndreds o f thousands o f po unds" , says Richa rd Rackh am, who managed 
the chass is des ign team. "Too lin g cost is a s ignificant factor co nsiderin g that Lotus is a low-
vo lu me car producer. Current ly only 750 Elises are produced each year. 
Another bene fit o f an extrusion is that it can be made thick in some areas and thin in others to g ive 
components the strength requ ired exactly where it is needed", he adds. 
At the s tart o f the proj ect, Rackham's team was uncertain o f w hich jo inin g tec hno logy to use and 
deve loped two chass is des igns, o ne of whi ch was we lded, the other bonded . When tests with a 
bonded prototy pe proved successfu l, the we lded one was d ropped. 
"Bo nding has many advantages over we ld ing", says Rackham . First, it is mo re precise beca use it 
e liminates the distortio n tha t comes with we ldi ng . "Thi s is very important because in a high-
performance ca r structure, the po int where the suspe nsion is j o ined to the structure has to be 
contro lled to w ithin 0.5mm or th ere is a great variat io n in handli ng betwee n ve hicles", he adds. 
Another facto r in the dec is ion was the negat ive e ffect o f the heat of we lding on the a luminium . 
Bo nding enab led Lotus to take adva ntage o f the strength-to-we ight bene fits o ffered by heat-
sensiti ve a lum iniu m a lloys which could not be we lded easily without los ing properties. Bond ing 
a lso spreads the loads ac ross a greater a rea than we ld ing, prov id ing strength advantages. 
Both the des ig n o f the extrus io ns and the des ign o f the chass is are specia lly adapted to the bond ing 
process. Accordin g to Rack ham, the bas ic approach was to des ig n the vehic le frame as if it we re 
Lego. Many o f the extrus io ns link to the ne ighbou ring extrus ion with a to ngue-in-groove j o int. 
A Iso, whe re pa rt have to co me together, the des ign ensures wide fl at a reas fo r the bonded joint. 
28 
~ ( le: I Detailed cross·sectlon of one plank 
~======~ I Five planks interlocked across width 
te=--- 2 .. 
" 
Figure 10: The interHnking structure of the aluminium 
extrusions used to create the EHse chassis (Kochan, 1996) 
The form of the extrusion itself features O.5mm-high ridges along all mating surfaces to control the 
gap width. "This ensures that all the adhesive is not squeezed out from between the joint and 
maintains the gap width at O.5mm. The adhesive works up to a gap width of 4mm but, because it is 
expensive, we try to minimise use", says Rackham. 
Finding the right adhesive and developing the optimum bonding process for an aluminium chassis 
was a complex exercise. According to Ken Sears, head of vehicle engineering at Lotus, "unlike the 
steel industry which shares information, the aluminium industry is very closed". Sears found no 
available data on aluminium bonding technology which meant Lotus had to develop its own. Swiss 
company Ciba Polymers was selected to supply the adhesive and collaborated on the bonding 
process together with Hydro which supplied the aluminium extrusions. 
About 35 extruded components and three sheet metal components make up the angular box-shaped 
aluminium chassis for the Elise. 
Hydro was able to develop extrusion tooling capable of a 2mm minimum wall thickness. However, 
it was not possible to reduce the wall thickness to 1 mm which is all that is required in some areas. 
Because adhesive-bonded joints are strong in shear but weaker in peel, each joint is reinforced by 
thread-forming rivets to prevent the onset of peel during a crash. The ejot rivets selected for the 
task are self-swaging and self-tapping drive screws. They are made from mild steel coated with a 
high-performance corrosion-resistant finish called Dacromet. This is a zinc aluminium coating that 
gives a significant 480 hours of salt-spray resistance. 
Where a rivet is to be inserted, a hole of 8mm diameter is drilled in the top element, and one of 
4mm diameter directly underneath. The 6mm diameter rivet is then rotated at high speed by the 
special insertion tool and introduced into the larger hole. As it is driven down into the smaller hole, 
it melts the aluminium around the sides, and the displaced material is drawn up into the larger 
hole. As a result, thread engagement along the length of the rivet is ensured. 
A major exercise in corrosion prevention has led Lotus to adopt Xylan and Delta finishes on 
components where an aluminium element comes into contact with a steel element. In some places, 
a coated 0.5mm thick shim is inserted between the aluminium component and the steel component 
so that it protrudes from the joint by 5mm. This effectively provides a 10mm-long path between 
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the two metals which is sufficient to prevent' corrosion, says Rackham. A finish, however1 ca nnot 
be app lied in eve ry case, he adds. For example, there is a c irc lip to ho ld in bearings, wh ich can not 
be coated. Here, the engineers have employed aerospace-grade grease. 
The asse mbly of the compl ete Eli se chass is is perfo rm ed by Hydro III Den mark in a spec ia lly-
co nstructed contro lled-environment bu ildin g. The c lean atmosphere ensures that really nasty 
contaminan ts such as s ilicon can not get anywhere near the bo nd ing process, says Sears. The 
ad hes ive is manua lly applied to the extrusions, and the more than 130 rivets a re inserted befo re the 
chass is is loaded into an oven fo r curing. The ri vets a lso hold the chass is togethe r so that it can be 
transferred to the ove n witho ut fa lling aparl. 
The completed a lu mi nium chass is is de li vered to the Elise assemb ly li ne wh ich has bee n se t up 
para lle l to the Elan line at Lotus' Hethel facto ry. During the fin al assembly process, other e lements 
to be bonded to the chass is are joi ned to it using a co ld cure adhes ive. 
The technologies developed for the Elise have been se lected o n the bas is that vo lume car 
manu facture rs w ill be interested in adopti ng them, says Tony Shute, Elise progra mm e manager. "If 
we thought that Ford or Ope lmight not be interested because it was too exotic, we did n't use it", 
he adds. 
However, if the Elise chass is s tructure with bonded al umin ium extrus io ns is to be adopted by 
vo lume car manu fac turers, a number o f deve lopments will have to take pl ace , says Rackham . "The 
curi ng oven is an ex pensive nu isance. Adhes ives techno logy is evo lv ing and wi thin a few years 
co ld-cu re adhes ives will become ava il ab le for this type of app lication", he bel ieves . A lso, the Elise 
chass is s tructure is very simple. No complex j o ints are invo lved and o nly stra ightfo rward surfaces 
have to be bonded. "In most cars, co mplex j o ints would have to be tackled , and that would require 
some deve lopment" , he adds. 
Figure 11: Adhes ive and rivets are lIsed to join 
the aluminium components (Kochan, 1996) 
One d isadvantage of the bonded design o f an al umini um chass is still rema ins, however. 
Ma intenance and repa ir is not quite as easy as with steel. Should such a chass is be da maged in an 
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accident, it cannot be repaired by any back street garage. The bonding conditions are too exacting 
for th at. However, the Elise chass is has been so des ig ned that ex tra bo lt ho les have been form ed in 
those areas s usceptible to damage. These ho les are the re so that a plate ca n be bo lted o n to the 
existing structure to compensate fo r the damage, should it occur. In the event of a seri ous co llision, 
the body and the chass is ca n be separated and whichever is beyond re pair can be replaced. 
2.2.6 THE AUDI AS 
Awareness of an ever-i nc reas ing wei ght spira l due to the hig h leve l of comfort and sa fe ty in ca rs 
was a dec isive factor in the deve lo pment of a new vehic le- body conce pt for the Audi A8 
(A lumini um Extruders Assoc iation, 1995; Schre tzenm ayr, 1999; Kaiser, 1998; and Kaoun ides, 
1995). A fter an extens ive study o f the advantages and disadvantages o f li ght weight mater ia ls, Aud i 
came to the conclusion that the most favourable material was aluminium, in various form s. Hence, 
a complete ly new body s tructure, the Audi Space Frame (ASF) (see fi gure 12), was dev ised. This 
enables the des ign of vehicle bodies with superior characteristics in stiffness, ri gidity and energy 
absorptio n, whi le at the sam e time red uc ing we ig ht by approxi mate ly 40% a nd consequently fu e l 
consumpti on and emiss ions. The fact that a lumin ium prov ides large potenti a l in lig htwe ighting 
• Sheet Alurninurn 
Extrusions 
• Node Cas1ings 
Figure 12: The Audi Alum inium Space Frame (AS F) with 
hang-on part's (A luminium ExtTuders Association, 1995) 
techno logy led to the R&D partnership betwee n Audi and Alcoa, w hich possesses a vast ex pertise 
in the deve lo pment o f a lumin iu m a ll oys, in process ing ca pabi lities, in manufacturing and in 
structural design. 
In terms o f process des ign the three major areas of develo pment were vacuum die casting, 
extruding and part formin g. All these processes require hig her leve ls o f process contro l and 
monito ring tec hniques and the deve lo pm ent o f new the rmal methods. quenching systems and 
ageing practices. T he ASF gave ri se to a who le range o f new manufacturing demands. These 
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comprise, in the main, of five crucial issues, namely joining techniques, surface treatment, 
dimensional accuracy and tolerances, speed and cost of production. 
The ASF structure is similar to a lattice framework, with vacural pressure die-cast parts as nodular 
elements linked with each other via hollow, straight or curved extruded profile sections acting as 
support beams. Moulded plates are integrated into this structure as surface-closing parts, which 
add to the total stiffness, on account of their shear-surface function. 
Simply replacing sheet steel with aluminium sheet metal for the hood, tailboard, doors and other 
exterior shell parts represents, for the car manufacturer, the simplest, surest and cheapest option to 
reduce the total vehicle weight. 
The vacural die-castings facilitate a high degree of geometrical and functional integration, and 
optimum rigidity, thereby allowing a potential 20% greater torsional stiffness to be exploited. 
The use of extruded box-sections eliminates the rigidity losses of conventional spot-welded seams, 
and the variable distribution of wall thicknesses facilitates the efficient use of material. The 
windscreen cross-member (see figure 13) is an example of an extruded section having great 
complexity and demanding close tolerances. 
Figure 13: Extruded section windscreen 
cross-member (Kaiser, 1998) 
Extruded, cast and sheet aluminium components offer the potential for revolutionary new 
construction methods if used with regard to the properties of aluminium. 
Aluminium adds its complications to the joining techniques used in the body compared with the 
traditional steel. The main techniques used in the AS body are pulsed MIG welding, self-pierce 
riveting, clinching, and adhesive bonding (for the windscreen and rear window) and resistance spot 
welding. 
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MIG welding as a shielded arc welding process is a familiar technique in the automotive industry, 
but required further development for joining the thinner aluminium sheet gauges used for the Audi 
A8. In the ASF, all the joints between the node castings and the extruded sections of the 
aluminium structure are made by shielded arc welding. 
The skin panels are mainly joined by self-pierce riveting, the common substitute for resistance 
spot-welding, because the joint strength is relatively insensitive to surface quality at a comparable 
installation speed, and the joint has excellent fatigue. The half-tubular rivet pierces the upper sheet, 
then penetrates the lower sheet without piercing. The punch provides the force for the penetration 
and the piercing. The bottom die spreads the rivet shank and a form closure has been put into 
practice. This technology was specially developed for the aluminium space frame concept. For a 
given sheet metal thickness, punch riveting achieves 30% higher strength than spot-welding. 
Another advantage that Audi discovered is that it requires less energy than resistance spot-
welding. 
Most of all single-point joints are riveted. The method is used, for example, for the flanges around 
the windscreen and rear window, the complete doorframe, the B-pillars and the side flanges of the 
engine bonnet. 
Mechanical clinching, which is achieved by local slitting and/or deformation, is used for lower 
strength joints because it is quick and simple. It gives a joint without a support joining element. 
The clinch process is applied in a combined hub- and intersperse action, as well as forming by 
upsetting to achieve a frictional, form-closed joint. 
The Audi A8 ASF is a member of the first generation of aluminium spaceframe vehicles. AIcoa is 
already working on second-generation alloys which will facilitate cost reduction in manufacturing, 
on new processing and assembly paths to simplify the manufacture of the spaceframe and on new 
designs which will consolidate parts, eliminate steps in manufacturing and reduce costs to an even 
greater extent than at present (Kaounides, 1995). It is a result of these developments and others 
that led to the Audi A2 covered in the following section. 
2.2.7 THE AUDI A2 
The Audi A8 is largely a hand-built car and while the strategy adopted by Audi is fine for 15,000 
cars a year, production levels of four times that number demand faster, automated systems. This 
section describes the production and assembly technologies developed by Audi for the A2, the 
smallest of the vehicles in its range, and like the larger A8, features an all-aluminium body and a 
space frame desigu (see figure 14). 
Audi had long ago considered and abandoned the idea of developing aluminium monocoques on 
the basis of repairability problems, double walls and rigidity. The key challenge for Audi, 
according to programme manager Wulf Leitermann was to develop the proper joining technology 
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Figure 14: The all-a lul11in iu l11 Audi A2 (Kochan, 2000) 
suitab le fo r automated productio n (Kocha n, 2000; G lover, 2000 ; Kimberley 2000; Anon , 2000c; 
Adcock, 2000; and Adcoc k, 2000a). 
Ad va nces made by Alusuisse in mate ria ls a ided Leite rmann and his co lleagues at Audi 's 
a lum in ium centre at Neckarsulm who were wo rking on the continued deve lopment o f j o ining 
techniques-se lf-pie rc in g ri vets and laser we ldi ng as we ll as CAD and CAE programmes. 
"We have further deve loped some of the j o ining methods we used o n the AS. And some we have 
abandoned fo r the hig h vo lum e car, such as spot we lding and c li nch ing, " exp lained Le ite rman n. 
MI G welding , fo r example, had been furt he r re fi ned fo r the A2 an d othe r j oi ning systems, such as 
bondi ng and ri veting (as used by Hydro Raufoss fo r the Lotus Elise chass is) had been in vest igated 
but in Le ite rmann's o pin ion were insuffic iently deve loped to suit Aud i's current needs. Spot 
we lding had been abandoned a ltogether. 
T he noo r pan is laser we lded to the space fram e s tructure o f extruded sectio ns and pressure die-
castings. The space frame structure is MI G-we lded as access fro m o ne s ide is suffi c ient. 
Compared with the AS, the use o f vario us sizes o f se lf-pierc ing ri vets has been increased by 60 
perce nt from 11 00 to 1800 in the smalle r A2 where they a re primarily used tojo in sheet meta l and 
extruded sections or a co mbinatio n of both . 
But for Le itermann and his colleagues it is the inc rease in laser we lding to a tota l o f 30mthat is the 
b ig breakthrough in the A2's co nstruction techn iques. At the tim e of the AS's development laser 
weld ing was not cons idered a practical a lte rnative but th at certa inly is not the case today, with 
Aud i se lecting Nd- Y AG so lid state laser. 
There are a num ber o f reasons behind Audi 's dec ision to se lect th is system, not the least of w hi ch 
is that its wavelength is better abso rbed by a luminium than CO, and is more eas ily ca rri ed by the 
nex ib le fibre-o pt ics needed for ro botic we lding. 
Princ ipa lly laser we ldi ng is used for j o inin g the la rge sheet metal body pane ls to the ske le tal 
fra mework of extrus ions and castings where access to both sides is not poss ib le (laser we ld ing 
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only requires access to one side of the assembly). The most difficult criterion to meet is the 
extreme accuracy needed. In the case of the A2's frame the specification is ±O.2mm and, according 
to Leitermann, should not present any undue challenges. 
To reduce production time even further, all of the new car's principal extruded sections are 
calibrated in a hydroforming plant prior to assembly. This significantly cuts the need for bending 
and milling operations. It is the near-perfect dimensional accuracy achieved in this process that 
allows Audi to use laser welding. 
In addition to being able to create a joint from just one side, laser welding offers high strength long 
linear connections instead of spot welds and, where there is an overlapping connection, a smaller 
flange width is sufficient. It is also considerably faster than MIG at 3 to 7mJmin depending on the 
thickness of the material used. 
However, its adoption was not without its problems. As the 6000 type high-silicon-content 
aluminium alloy, which can be case hardened, was selected for several parts to aid weight 
reduction even further, it meant that a special feed wire had to be used. Solutions had to be found 
for the fact that as a maximum gap width of only O.lmm could be tolerated, the two parts being 
welded together had to be pushed by mechanical systems fitted alongside the robotically-held 
welding head. The end result, though, is a cheaper and more efficient process than either MIG 
welding or riveting. 
The only joining technology to have been carried over wholesale from the AS to the A2 is the 
folding and adhesive bonding technique used to join the inner and outer door panels. 
The A2's all-aluminium space frame consists of 22 per cent castings, IS per cent profiles and 60 
per cent panels resulting in a structure that is 43 per cent lighter than had been assembled from 
steel. Most significantly, from a production standpoint, there has been a drastic reduction in the 
total number of components-from the AS's 320 to the A2's 235. 
Dr Wolfgang Ruch, deputy head of Audi's aluminium centre cites the B-post as a typical example 
of the increased functionality of a single component. "In the AS we have eight different parts and a 
combination of castings, sheet and extrusions. The A2's B-post is one single casting," he said. 
These multi-functional castings represent a new concept in body components, according to Ruch. 
Not only is the B-pillar a large casting at I 220mm, but it also has to perform a variety of functions, 
locating the door hinges and latches and the upper seat belt mounting. Moreover, together with the 
A-post, it performs a vital role in side-impact protection. Because these and other pressure die-
castings used in impact zones need to absorb energy, they are manufactured from heat treated GD-
AISil OMg with wall thicknesses varying from 1.6 in the flange area up to 6mm locally. 
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Ruch believes there is further considerable potential in these tailored castings as materials and 
manufacturing technologies continue to develop. By further developing vacuum high pressure die 
casting it will be possible to increase the size of the cast parts and include localised reinforcements 
where needed. 
While castings are used in high strength areas, the A2 also incorporates a number of hollow 
extruded sections, such as the single-piece cant rails and other linear components (sills and energy 
absorbing sections like the longitudinal engine mounts). In these areas Audi has been able to 
reduce minimum wall thicknesses from about lA to l.5mm in the A8 to a minimum of l.2mm for 
the A2 without impairing performance. 
Perhaps the most impressive body component is the single-piece side panel that stretches from the 
A-post through to the rear lights. This has been made possible by a patented tooling concept that 
allows aluminium panels to be deep drawn like their steel counterparts. 
Aluminium body panels, however, are notoriously susceptible to minor dents, whether caused by 
stones flung up by other traffic, hailstones or even over-enthusiastic polishing or closing a door 
with your knee. To avoid such blemishes, the sheet or rolled aluminium is age-hardened prior to 
forming which, in itself, tempers the alloy adding durability and strength. 
Despite its space frame structure, the A2 body is constructed in a rather conventional manner. It is 
made as a series of sub-assemblies (floor pan, tailgate, side panels etc.) (shown in figure 15), each 
of which is constructed by its own group of equipment. The sub-assemblies are then brought 
together at a framing station, as in most body shops. 
Framing involves the insertion of 232 self-piercing rivets by eight robots working simultaneously. 
The body shop, in fact, features a degree of automation of more than 80 percent. It uses 220 Kuka 
robots, some mounted on rails to provide an additional axis of movement, for a range of 
operations. An innovative robotic application is flange rolling where the robot uses a roller to join 
an outer panel to an inner one by folding over a flange. 
Unusually for a body shop, milling machines are involved in the assembly process. They "trim" 
the castings to size on modules such as the front-end and the rear-end assemblies to ensure that the 
required accuracy is provided for the framing operation. This reduces the accumulation of 
tolerances and the milling centre allows Audi to adjust the dimensions of sub-assemblies to within 
one tenth of a millimetre. This is aided by the use of Perceptron measuring heads to determine 
exactly how much material has to be removed from each casting. 
Audi has employed a total of 273 lasers and sensors, consisting of both Perceptron measuring 
heads and Faro arms, at 19 measuring stations throughout the body-in-white assembly process to 
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Front end structure 
Figure 15: The Audi A2 consists of three major sub-assemblies (Kochan, 2000) 
maintain accuracy. The short feedback loops ensure that manufacturing discrepancies are predicted 
at a very early stage and can be prevented before they have a cumulative effect on the assembly. 
To define precise positioning and location of components throughout the assembly sequence Audi 
uses a Reference Point System (RPS) that establishes the BIW's precise dimensions and location 
points. The RPS is used throughout the assembly procedure and provides the template for the other 
checking and machining systems. Problems of aluminium components expanding during welding 
of the Audi A2 assembly - they can grow by as much as 0.2mm per metre for every 100e increase 
in temperature - have been overcome by a novel (and patented) solution that allows the 
components to expand and contract during welding so that the optimum weld gap is maintained at 
minimal operating temperatures. This is shown in figure 16. 
Before leaving the body shop, the assembled body has to go through a curing oven where it spends 
30 minutes while the aluminium components reach the required strength and stiffness. It then 
proceeds to the pre-treatment and paint shop areas. 
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Figure 16: Audi's novel and patented solution for controlling weld gap variation (Kochan, 2000) 
The Audi A2's assembly facility represents a significant step forward in the production of 
aluminium space frame technology and gives Audi a considerable head start over its rivals. 
2.2.8 JOINING TECHNOLOGIES 
A variety of joining methods are available whereby the components of an aluminium structure can 
be assembled with the required strength. Typically a mix of them will be used in anyone structure, 
the choice being dictated by a combination of joint perfonnance and practical constraints. 
Issues such as capital and operating costs, cycle time, reliability, and quality are just a few of the 
many issues which must therefore be considered, in conjunction with each of a whole range of 
potential joining techniques available to the automotive industry. 
This section outlines a number of joining techniques with due consideration to production issues 
pertinent to the automotive industry, in the context of their applicability to either aluminium 
monocoque or spaceframe structures. 
Resistance spot-welding 
Spot-welding is the conventional technology ofBIW fabrication in the automotive industry, and as 
such it has the benefit of being a well known, extensively used technology with which the industry 
is highly familiar and has considerable experience. However, it is also a capital intensive process, 
and a process with which there are significant problems with regard to welding aluminium. Not 
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least of these problems is the need for access to both sides of the joint, thus restricting it's use in 
spaceframe fabrication processes. 
The primary difficulty experienced in spot-welding aluminium is that of breaking down its surface 
oxide layer. The substantially higher melting point of this oxide film requires sufficiently higher 
resistance heating to break it down and thus allow weld formation to take place. The only way this 
can be achieved in practice is by the introduction of an electrode cooling system to prevent rapid 
electrode wear as a result of overheating. 
The need for such modifications to basic spotwelding equipment, is itself an indication of the 
extent to which a change in material can affect a manufacturing process. But this change is further 
compounded when the change from sheet monocoque to spaceframe construction is considered. 
Current automotive body framing stations employ spot-welders not merely in conjunction with 
highly versatile robot arms, but also as part of large multi-welders such as the "clamshell framing 
bucks" used in the production of vehicle bodies. Such equipment is capable of simultaneously 
applying some 240 welds from 70 guns, reducing fabrication time significantly. However, such 
equipment tends to be designed for use on specific parts and cannot therefore be readily adapted 
for use in fabricating spaceframes. Therefore, any argument supporting the retention of spot-
welding for spaceframe fabrication, on the grounds that the automotive manufacturer could adapt 
existing equipment and therefore reduce costs, would not necessarily hold. 
Nevertheless, the principal benefits of spot-welding are process speed and versatility, 
notwithstanding the restrictions on access. It is also a process with which the automotive industry 
is familiar and therefore has considerable experience in its application. Given the inherent risk 
involved in adopting new or previously little used joining techniques, such factors should not be 
ignored. 
Arc-welding 
Arc-welding techniques such as metal inert gas (MIG), tungsten inert gas (TIG) and manual metal 
arc (MMA), have the immediate advantage of being known and proven technologies. Of these, 
MIG and TIG are the most widely used production methods (Barnes and Pashby, 2000). Access to 
only one side of the joint is required and, provided that each joint is properly designed and suitable 
welding parameters have been established, joint integrity and quality is high. 
There are however some notable limitations to the process so far as the welding of aluminium and 
the application to spaceframe fabrication is concerned: 
Thermally induced distortion: The considerable heat input resulting from arc-welding generally 
gives rise to a significant degree of distortion. Such distortion is likely to lead to considerable 
problems in panel fit-up and the relative movement of engine mountings, for example, and is 
therefore highly undesirable. Lotus engineers cited distortion among the primary reasons for not 
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using welding in the development of the Elise (Kochan, 1996). Such distortion would have 
required adding extra material to those sections of components where welding would take place. 
Since extrusions are, by the nature of the process, uniform in section, this would mean attaching 
discrete additional pieces of material to the components. Such a design could not be considered 
robust in terms of the quality issues it would raise, and the additional procedures involved would 
render the fabrication process inefficient. The additional material would also add weight to the tub 
structure. 
Post-weld heat-treatment: Because the structure of the weld is effectively as-cast, and the structure 
of the surrounding metal, the heat affected zone (HAZ), is significantly changed by the welding 
process, the as-welded joint is weak. Strengths more closely approximating that of the parent metal 
can only be achieved by heat treatment, at additional cost. Alternatively, joint details can be 
designed to reduce stress in the region of the HAZ, thereby increasing the load-bearing capacity of 
the joint and ensuring a favourable mode of failure. Alternative weld details include tube and 
socket, post and tube, and staggered lap joints (figure 17). 
Post and tube 
Tuba and sOOket 
Stogge.od lap 
(mixed mode) 
Figure 17: Examples of join IS 10 improve the load-beariog 
capacity of an arc-welded joint (Bames and Pashby, 2000) 
Arc-welding has been adopted in the manufacture of the Audi A8 where the technique is employed 
in the joining of extruded components to die-cast nodes. Furthermore, the Audi A2 represents a 
continuation of the practices used in the manufacture of the A8. Optimisation of production 
methods as a result of Audi's experiences with the A8 has enabled the number of cast nodes in the 
A2 to be reduced (Barnes and Pashby, 2000). Many of the cast nodes have now been replaced by 
butt-welding, facilitating a further reduction in the weight of the spaceframe structure. 
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Arc-welding lends itself to automation extremely well and therefore remains subject to further 
development. The equipment though currently very bulky and heavy for aluminium welding can 
be linked to a robot thereby providing flexibility and process consistency. AJcoa, recognising that 
arc-welding, a proven technique, has considerable as a production process for spaceframe 
fabrication, have focused on improving production system reliability. Furthermore, Alcoa are 
addressing the issue of developing manufacturing guidelines in the areas of process parameters, 
joint design and fit-up requirements, and weld sequencing to manage assembly tolerances (Bames 
and Pashby, 2000). 
Laser welding 
Commercially available CO2 and Nd : Y AG laser systems are increasingly broadening the scope of 
their industrial application in the automotive industry. In particular, they are widely being adopted 
in tailored blank fabrication, a technology that is enabling steel to achieve significant weight 
reductions. 
Laser welding has a number of inherent advantages over arc-welding, which makes the process 
worthy of consideration for spaceframe applications: 
Advantages: 
1. The process introduces very little thermal distortion as a result of a lower overall heat 
input. 
2. High processing speeds are possible. 
3. Welds are generally ofa high quality. 
4. Laser systems are particularly conducive to automation, being highly programmable 
and highly versatile in the materials that can be processed, and the geometry's of 
joints that are possible. 
Equally however, lasers have a number of significant limitations to consider: 
Limitations: 
1. The relative expensive of capital equipment remains prohibitive, particularly for the 
cost conscious automotive industry. 
2. Limited penetration depths with aluminium, which means that a maximum of 2-6mm 
is achievable possibly limiting their application in reinforced areas. 
3. The highly focused beam, i.e., small spot diameter, means that the process will not 
tolerate gaps greater than 10% of the material thickness between the abutted edges of 
the components being joined. 
Developments have been made in the combining of the laser with a plasma-arc to create a process 
known as plasma-arc augmented laser welding (PAL W). The advantages offered by this combined 
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process include an increase in the already rapid welding speeds possible with laser systems, and a 
reduction in the level of joint preparation required. A larger weld-pool is produced by PAL W that, 
whilst this is not always desirable, does not have the effect of relaxing otherwise demanding fit-up 
tolerances for butt-joint welding. A joint gap of no more than 10% of the thickness of the material 
being welded can be increased to 60% using PALW. Such a relaxation of fit-up tolerances could 
have significant cost-saving implications with regard to edge preparation procedures. 
With regard to spaceframe structures, wider fit-up tolerances may well prove advantageous. 
However, the implication is that since this process produces a larger weld-pool, thermal distortion 
may also increase. The degree of thermal distortion induced in the vehicle structure and its effect 
on the fit-up of exterior panels, for example, may therefore be an issue. 
Diffusion bonding 
Diffusion bonding offers potential for further weight savings since the technique can be used to 
produce efficient structures, whilst eliminating the need for fasteners and associated joint flanges. 
The main advantages include simple starting blank forms, high material utilisation, and processing 
times are insensitive to either component size, complexity of structural form, or the number of 
components manufactured in one operation. 
The actual savings achieved through the use of diffusion bonding in vehicle manufacture would be 
dependent on the component being manufactured, the equivalent conventional method of 
manufacture, and the associated material. Clearly, in the case of spaceframes manufacture, the 
relative economies of this technique would need to be compared against all other candidates. 
High frequency butt-welding 
As with PALW, high frequency butt-welding was developed to overcome the high tolerances 
placed on edge preparation for the laser welding of tailored blanks. The technique is still in the 
early stages of development however, although there it has been demonstrated that there is no 
evidence of excess material or weld flash at weld sites, which would need to be removed in a 
separate process (Bames and Pashby, 2000). 
With further development the technique could prove as feasible for the joining of extrusion 
components for spaceframes, as for the tailored blanking applications for which it is primarily 
being developed. 
Adhesive bonding 
The benefits of adhesive binding have been demonstrated by a number of car manufacturers in 
concept cars and low volume niche products, e.g. Jaguar's XJ220, Ford's AN, Rover's ECV3, the 
Lotus Elise, and to a limited extent in Honda's NSX. Not least of these benefits is that adhesive 
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bonding does not distort the components being joined as arc-welding has been shown to do, and 
there are a number of other advantages: 
Advantages: 
I. Adhesive bonding offers improved joint stiffness compared to mechanical fasteners 
or spot welds because it provides a continuous bond rather than a localised point 
contact. This results in a more uniform stress distribution over a larger area. 
2. It is possible to join dissimilar, and otherwise incompatible materials. The adhesive 
layer preventing intimate contact that could otherwise lead to galvanic corrosion. 
The limitations of the process are: 
Limitations: 
1. Current high performance adhesives are epoxy or solvent-based systems, giving rise 
to considerable environmental concerns. 
2. Structural adhesives require heat curing. 
3. There are foreseeable problems with extensive utilisation of adhesive joints in volume 
production, with limited shelf-life being the prime concern. 
Aside from these issues, the need for fixturing to support joints during adhesive curing presents 
another significant production problem. Such fixturing has tended to result in a process that is both 
time-consuming and expensive. The combined use of adhesive and mechanical fasteners provides 
a solution that obviates the need for much of the fixturing but introduces more consumable items, 
and weight, into the process. Mechanical fasteners will however, improve the peel strength of 
joints, an otherwise significant weakness. A more efficient solution was that adopted by Lotus, 
who in developing the Elise, replaced mechanical fasteners in a number of areas by incorporating 
interlocking details on the extruded parts, as outlined in section 2.2.4. The result was a reduction in 
the number of parts required, and therefore cost and weight (Kochan, 1996). 
Mechanical fasteners 
The range of mechanical fasteners currently available is numerous. Self-piercing rivets and clinch 
joints have been identified as two such types of fasteners with considerable potential for use in 
vehicle bodies. Both processes are essentially cold forming operations in which two or more pieces 
of material are mechanically fastened together. There is also no requirement, in either case, for the 
pre-drilling of holes in the components to be joined. 
As the name suggests, the self-pierce rivet is designed to both pierce and form a permanent 
fastening within the materials being joined. Having pierced the upper sheet of material, the rivet 
expands in the lower sheet, usually without piercing it, to form a mechanical interlock. The actions 
of piercing and then forming the joint are carried out in a single operation (figure 18). Such is the 
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Figure 18: Schematic of the self-piercing rivet process (Barnes and Pashby, 2000). 
nature of the process that quite large setting forces are required (typically 40 kN). For this reason, 
a C-frame structure is necessary in order to withstand the riveting force. As a result, the process 
requires access to both sides of the joint. 
The clinch joint is very similar in that, it too involves the deformation of the material being joined 
to form a mechanical interlock. Clinching does not however use rivets, using instead a punch to 
force the material into a die (figure 19). The material is forced between the punch and die in such a 
way that mechanical interlocking of the sheets themselves occurs. For vehicle body applications 
the sheets of material are generally not pierced, thereby producing a joint which is sealed against 
moisture ingress. 
Oeep Drawing and Shear Insertion Upsetting Ring Groove FilliM Indirect Exlrusion 
Figure 19: Schematic of the clinching process (Bames and Pashby, 2000) 
The advantages and limitations ofthese fasteners are summarised below: 
Advantages: Both of the above fasteners compare favourably to spot-welding in terms of 
production criteria: 
I. Equivalent speed of operation (-1 s per operation). Furthermore, unlike spot-welding, 
the cycle time for clinching and self-pierce riveting does not increase as the thickness 
ofthe materials being joined increases. 
2. Ease of automation - the equipment can be adapted for use with a robot, and can be 
easily integrated into fully automated, high-speed assembly lines. Such integration is 
made particularly easy by the elimination of the need to pre-drill (or punch) holes, 
and also therefore, the need to align the holes with the rivet setting equipment. 
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3. Good tool life (spot-welding - -500-2000 operations (for aluminium), SP rivets and 
clinching - -200,000 operations). 
4. Low energy process. 
5. Little or no part distortion. 
6. Simple set-up. 
7. Relatively low capital and operating costs, and equipment has a long service life. 
8. It is possible to join dissimilar materials. 
Limitations 
I. Both techniques require access to both sides of the joint. 
2. The size of the riveting gun restricts access to certain joint areas. 
3. Bulges and indents associated with both techniques may not be aesthetically 
desirable. 
4. Self-piercing rivets introduce additional consumable items, and therefore weight, into 
the process. 
5. Despite the use of passive coatings to prevent corrosion, surface irregularities or 
crevices occur as a result of the deformation process that could allow corrosion to 
occur. 
The use of blind rivets in lightweight structures is not obviated by the considerable benefits offered 
by self-piercing rivets and clinch joints, not least because blind rivets require access from one side 
of the joint only. The need for dual access is a significant disadvantage which may preclude the 
use of self-piercing rivets in some areas of a spaceframe construction. 
Equally, blind rivets present significant problems by the necessity to pre-drill holes. This 
introduces an additional operation and requires considerable hole position accuracy and tight 
assembly tolerances in order to avoid significant assembly problems. 
EJOT self-drilling rivets from Germany, are a notable exception which combine the benefits of 
single-sided access with an ability to produce their own hole by the incorporation of a drilling or 
forming head into the rivet's design. Where a forming rather than a drilling head can be applied, 
there is an added advantage that little or no swarf is produced, therefore minimising the risk of 
swarf entrapment leading to damage elsewhere. 
Despite requiring access to both sides of the joint area, clinching and self-pierce riveting in 
particular, are nonetheless commanding considerable interest from the automotive industry. Such 
interest exists not least because these processes are extremely robust, relatively low cost, and 
greatly simplify production by eliminating the need for hole drilling and hole alignment. 
Specific interest has been shown in self -pierce riveting by Alcoa and Audi, who tested out the 
technique in their ASF all-aluminium car body concept (Aluminium Extruders Association, \995; 
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Schretzenmayr, 1999; Kaiser, 1998; and Kaounides, 1995). Their conclusions were that despite the 
consumable cost of the rivet, the technique appeared to be a low cost but more robust option than 
spot-welding. Lotus also used self-piercing rivets in the construction of a lightweight-chassis for 
the Elise. In joining the aluminium extrusions which make up the chassis structure, Lotus made 
extensive use of adhesive bonding, with rivets providing secondary protection against peel 
(Kochan, 1996). 
Clearly, as a result of the automotive industry's increasing interest in, and the difficulties 
associated with joining aluminium, mechanical fasteners (probably in conjunction with adhesive 
bonding) are rapidly emerging as a feasible alternative to the conventional method of spot-
welding. Self-piercing rivets in particular are attracting considerable interest within the industry 
and will certainly continue to feature in the further development of lightweight, aluminium-
intensive vehicles. 
Comparison of joining 
The most significant technical difficulties with regard to welding aluminium are associated with its 
stable surface oxide layer. Whilst surface oxide also presents problems for adhesive bonding, 
necessitating pre-treatment to remove it, the need to design around the inherent weakness of 
adhesive bonds in peel is at least equally problematic. 
The uncertainty regarding the long-term durability and weatherability of bonded joints, and the 
lack, at present, of a reliable method of NDT to test for defects are also significant areas of 
concern. Despite the substantial benefits of adhesive joints, such shortcomings mean that adhesive 
bonding does not compare favourably with welding, an area in which the industry has far greater 
experience and therefore confidence. 
In contrast, mechanical fasteners show far greater promise given that self-piercing rivets and 
clinch joints, for example, have been shown to compare favourably with spot welding in terms of 
speed of operation, ease of automation and tool life, etc. Moreover, current mechanical fastener 
systems also offer a safe, low energy process, which is simple to set-up, and costs relatively little 
in terms of capital and operating costs. Here the benefits over predominantly energy intensive, 
hazardous and expensive welding techniques are clear. However, mechanical fasteners also share 
some common disadvantages with spot welding, such as the need to access both sides of the joint 
and restricted access to joint areas due to the size of the gnn. 
The combining of adhesive bonding with mechanical fasteners, generally termed riv-bonding, may 
provide a more robust solution and is being actively researched (Bames and Pashby, 2000; 
MessIer, 1997, 2000). Such a combination brings together the benefits of both techniques whilst 
minimising or removing some of the limitations. For example, the ability of adhesives to seal 
joints against moisture is a highly desirable one, as is the ability to damp noise. The addition of 
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mechanical fasteners increases the otherwise poor peel strength of the joint, thus resulting in a 
joint which offers the best of both techniques. 
However, from a production viewpoint the fabrication process now involves a second processing 
operation with its associated implications for process control and added cost. Also, the 
environmental hazards associated with adhesives are unaffected when combined with riveting, and 
would therefore continue to be a significant disadvantage of the process. 
Despite the difficulties posed by surface oxide in welding aluminium, and generally high capital 
and running costs, the industry's long-standing experience with welding will almost certainly 
ensure that further development of the various techniques available will continue. Even high cost 
technologies such as lasers are gradually beginning to find applications in the automotive industry, 
as the technology develops to meet the industry's needs. In contrast, adhesives have been shown to 
have some significant way to go before, structural bonding in car bodies can be fully realised. 
Nevertheless, the not inconsiderable benefits of adhesives mean that they too are unlikely to be 
discounted at this stage. 
Moreover, the ability to combine adhesive bonding with mechanical fastening techniques and the 
considerable benefits that ensue, markedly increase the viability of both techniques for the volume 
production of vehicle spaceframes. 
There are some significant issues with regard to production capacity and process speed, as well as 
a lack in some areas, most notably adhesive bonding, of an adequate means of ensuring process 
consistency and product quality. Where such issues arise, a significant amount of further work will 
be necessary before automotive manufacturers can gain sufficient confidence in these processes to 
commit to the substantial investments required, and the associated business risk. 
There is also great potential in the combining of processes to produce effective hybrids. Examples 
of these include riv-bonding, as discussed previously (combining riveting and adhesive bonding), 
or weld-bonding (combining spot- welding and adhesive bonding). It is evident that such 
combinations enable the benefits of both processes involved to be enjoyed, whilst some of the 
more significant shortcomings are minimised or eliminated. 
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2.3 MODELLING OF WELDED ALUMINIUM ASSEMBLIES 
The assembly of aluminium castings and extrusions into a finished structural spaceframe most 
often requires close three-dimensional tolerances. Variability in the component parts or the 
assembly process can result in an inability to fabricate the final structure such that it meets the 
required dimensional tolerances. The actual variability, the factors affecting them and the impact 
of each variability, separately and combined, on the final assembly variability need to be 
understood to improve manufacturability and quality; and reduce costs. 
The biggest problem facing engineers in welding fabrication of aluminium structures is predicting 
the residual stresses and distortion. This phenomenon is magnified even more so with aluminium 
than steel structures due to the higher heat conductivity, larger coefficient of thermal expansion 
and lower yield strength. The resulting distortion and residual stresses leads directly to variation in 
the assembled structure. To combat these problems, there has been a significant number of studies 
completed on methods to control distortion as well as improve analysis techniques (Masubuchi, 
1980, 1991, Brumbaugh, 1973). Many of these resulted in general guidelines in welding 
(Masubuchi, 1980), though very few have concluded with a broad theoretical method to predict 
weld distortion or shrinkage. Most welding predictive models are directly related to empirical data. 
By nature, welding is not a predetermined manufacturing process. Few mathematical models can 
accurately describe the internal stresses that result from welding. One approach is to run multiple 
experiments on specific types of materials across various geometric shapes, but this is time 
consuming and very specific. More often, it requires complex modelling techniques such as finite-
element methods to understand such a process. Many believe that predicting weld distortion is a 
black art, a skill that is learned from years of experience in manual welding. Predicting the 
outcome of just two parts welded together is difficult enough. When this is extended to an entire 
assembly of parts, the task becomes a complex one. 
Hu et al. (1997) modelled different kinds of joint configurations and variation characteristics in 
sheet metal assemblies (presumed to be steel). Daniel et al. (1986) modelled product variations 
based on rigid body assumptions implementing computer aided techniques. Takahashi et al. (1991) 
took variation simulation and tolerance analysis even further by applying it to rigid body 
assemblies by looking at part contact states. 
Applying variation modelling to assemblies joined by welding is not an entirely new approach, yet 
there has been relatively limited research in this area completed to date. Hu (1996, 1997) 
developed a "Stream of Variation" theory to examine variation propagation in the spot welded 
assembly of flexible parts. The technique first looks at how variation propagates through the 
system, then tries to locate sources of variation where there might exist a quality problem. Hu 
made it clear that modelling of spot welded sheet metal assemblies differentiates from other 
structures since it is compliant. Many of the previous techniques are based on rigid body 
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assumptions. In order to completely model the system Hu employed a combination of simple 
flexing models and statistical analysis. 
Most of the work in the area of modelling welding distortion has been limited to very specific 
studies on particular weld joint types and materials. Some specific studies on various types of 
aluminium welds have resulted in some applicable techniques to capture both shrinkage and 
distortion. 
A large contributor to the study of welding distortion, Masubuchi, provides a detailed discussion 
of all the effects produced by welding; as well as the development of methods for predicting and 
controlling distortion in welded aluminium structures (Masubuchi, 1980). In other studies, 
Masubuchi outlined methods for actual in-process reduction and control of residual stresses and 
distortion in weldments. 
Dimensional variation and distortion in aluminium weldments can be due to a variety of effects: 
transverse shrinkage between parts, longitudinal shrinkage along the weld, angular distortion, and 
rotational distortion. 
There are five common types of mating joints found in aluminium assemblies of extrusions and 
castings. Table 2 displays the common types of joints and the applicable welds associated with 
them. 
Out of these joint types, there are three main types that are encountered in an aluminium welded 
frame: lap joint, T-joint, and butt joint. For structural applications the other types of joints, edge 
and corner, are usually avoided since they are harder to fit, weaker, and more prone to fatigue 
failure. 
2.3.1 DISTORTION AND DIMENSIONAL VARIATION IN WELDMENTS 
Residual stresses and distortion are closely related phenomena. During heating and cooling in the 
welding cycle, thermal strains occur in the weld metal and base-metal regions near the weld. The 
strains produced during heating are accompanied by plastic upsetting. The stresses resulting from 
these strains combine and react to produce internal forces that cause bending, buckling and 
rotation. It is these displacements that are called distortion (Masubuchi, 1980). 
The dimensional changes that result from the welding process can be classified into the following 
categories: 
I. Angular distortion: an angular change close to the weld line. 
2. Rotational distortion: an angular change in the plane of the plate due to thermal 
expansion, most common in butt joints. 
3. Transverse shrinkage: a shrinkage perpendicular to the weld line. 
4. Longitudinal shrinkage: a shrinkage parallel to the weld line. 
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5. Longitudinal bending distortion: distortion in the plane through the weld line and 
perpendicular to the plate. 
6. BucIdiug distortion. 
Some examples of the different distortion effects, as seen for a butt type weld, are displayed in 
figure 20. 
2.3.2 TYPICAL MIG WELDED ALUMINIUM AUTOMOTIVE STRUCTURE 
Painter (1995) used a hypothetical MIG welded aluminium frame as an example to demonstrate 
and support the capability of methods proposed for variation propagation and tolerance analysis 
(figure 21). The frame was a simplification of an actual frame made in a real production 
environment. This consists of a combination of extrusions and castings joined together to make a 
complete assembly. 
First piece parts are manufactured by either an extrusion or casting operation. The extrusions are 
then subsequently bent either by a rotary bend method or by a stretch bending operation. At the 
same time, castings undergo an additional heat treatment and sometimes a subsequent 
Uppe1" Bar Extrusion 
ero.. Bar Extrusion 
Figure 21: Hypothetical MIG welded aluminium frame (Painter, 1995) 
straightening process. This is often followed by machining and/or grinding in order to maintain the 
required tolerances and remove any rough part variations. 
A common method with welded aluminium structures is to first join certain components believed 
to have sensitive welds, into a sub·assembly prior to final joining. The smaller sub-assembly offers 
to maintain greater control of the welds. Then the sub-assembly and the remaining parts are loaded 
into a final weld fixture and joined together. The joining process itself almost always consists of a 
predetermined sequence in which the welds are made. 
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Part shape errors enter the system at the weld fixture locations, causing variations in the gaps 
between the parts at weld locations. Gap variation then becomes an input to the welding process, 
which also introduces uitcertainty due to material and process variations. Finally, the welding 
uncertainty leads to variation in the final assembly state. 
Painter (1995) models the entire system of manufacturing operations which allows key sources of 
variation and output quality characteristics to be identified. Back propagation is used to determine 
intermediate tolerances in relation to the final required output tolerances. 
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2.4 COMPUTER-AIDED VARIATION ANALYSIS 
For a long time, tolerancing has been one of the most difficult and least understood activities in 
design. Every designer knows that the proper functioning of an assembled product depends on the 
size of the clearances in the joints between the parts. However, it appears to be problematic to 
assign clearances in complex assemblies such that all functional and assemblability requirements 
are guaranteed simultaneously. Clearances, which essentially are attributes belonging to pairs of 
parts, have to be converted into tolerances, which are attributes of single parts. This process has to 
be carried out with manufacturability, interchangeability and maintainability considerations in 
mind. 
The relations between the tightness of tolerances and the manufacturing cost are usually non-linear 
and do show discontinuities when the limits of process capabilities are exceeded. Moreover, the 
relations between tightness of tolerances and the quality of the functioning are not always clear. 
Because of this, it is quite impossible for a human being to define fully consistent interrelated sets 
of requirements for distance, concentricity, straightness etc. Usually, tolerances are specified for 
every functional requirement without much attention for the side effects. This leads to inconsistent 
tolerancing schemes, which contain excessively tight tolerance values. As a result, the parts 
become expensive and the proper functioning of the assembly is still not guaranteed. 
The consistency of tolerancing schemes is becoming a topic of concern now computer-based 
geometric modelling is getting mature. Presently it is possible to build virtual product models with 
thousands of parts, which can have very complex shapes and geometric relationships. However, 
the specification of allowable deviations from the nominal geometry is still a big problem. Until 
now, the CADCAM systems used in industry have provided inadequate support in the definition, 
analysis and synthesis of tolerances. A number of systems are not capable of representing them 
properly. 
Tolerancing has become an important issue for CADCAM vendors. The latest generation of 
CADCAM systems use advanced geometric modelling and constraint satisfaction kernels. The 
technology used in these kernels can be applied to macro geometric aspects as well as micro 
geometric aspects. 
The creation of virtual product models only for visualisation and marketing purposes does not pay 
off. The real profit can be made if the data can be used for the subsequent downstream processes. 
For instance, the process planning function can be automated to a high degree, if consistent micro 
geometry specifications are available. 
A number of research groups have been working on tolerancing issues for a number of years now. 
They are trying to bridge the gap between the mathematical formulation of problems and the 
practical aspects in terms of computer representation, automatic or computer assisted specification, 
consistency and completeness analysis and tolerance set optimisation. 
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Some efforts have already resulted in commercially available tolerancing software packages which 
are being used in industry. Most of them focus on tolerance analysis and optimisation. Also efforts 
are being undertaken to bring the tolerancing standards up to the present requirements. 
Many companies do not have a clear methodology for tolerance specification. Most designers use 
intuition and experience. Sometimes they follow general guidelines. As a consequence, most 
product designs do not contain all functionally relevant tolerances while some tolerance values are 
too tight. A clear and reliable method for tolerance specification is required as part of an overall 
tolerance management strategy. Tolerance management includes all design, manufacturing and 
inspection activities, striving to control and optimise the effect of geometrical variation. In this 
way computer-aided tolerancing tools should be used to increase geometric robustness during 
concept design and to assign tolerances on the basis of sensitivity, manufacturability and cost 
during the detailing phase. 
Within the context of robust design and life cycle engineering, education about consistent 
tolerancing becomes a very important item. With a consistent tolerancing theory at hand it 
becomes to teach robust design as a science. 
Reviews on representing and processing tolerances can be found in the work by Roy et al. (1991). 
Juster (1992) reviews modelling and representation of dimensions and tolerances. Another review 
on tolerance analysis and - to a lesser extent - tolerance specification can be found in Chase and 
Parkinson (1991). A more philosophical approach perspective is provided by Voelcker (1993). In 
previous work a number of authors make the distinction in the following main fields within 
computer-aided tolerancing: 
• tolerance representation 
• tolerance specification 
• tolerance analysis, and 
• tolerance synthesis. 
Tolerance representation refers to how tolerances are represented within a geometric model, which 
is important for applications processing these tolerances. Tolerance specification is the activity of 
specifying tolerances; defining the tolerance types and tolerance values as well as datum systems. 
Tolerance representation is important together with tolerance specification as the way in which 
tolerances are represented often influences the way in which they can be specified and vice versa. 
An adequate tolerance representation enables computerisation of applications following tolerance 
specification such as tolerance analysis and synthesis. Tolerance analysis is a method to verify the 
proper functioning of the assembly after tolerances have been specified. A distinction can be made 
into worst case, statistical and sampled tolerance analysis. Tolerance specification and tolerance 
analysis are often iteratively applied. Tolerance synthesis is sometimes referred to as tolerance 
allocation. 
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Assigning tolerances is considered to be one of the most important and difficult tasks in trying to 
achieve vehicle specifications. It involves an agreement or commitment between part 
manufacturers and assembly plants on the achievable tolerances based on what they believe are 
their respective process capabilities. One can imagine that if the part tolerances are too big, vehicle 
requirements might not be obtained. For example, suppose a gap of 5 mm ± 0.5 mm is specified 
for the complete vehicle. Tolerances need to be assigned to the various subassemblies, such as 
body-in-white, doors, and the door hanging process. In turn, tolerances need to be broken down 
and assigned to the parts of these subassemblies, such as door-inner panel, and door-outer panel 
for a door assembly. However, questions like how the tolerances are accumulated need to be 
answered first, since it is an integrated part of tolerance synthesis. 
2.4.1 TOLERANCE ANALYSIS 
A metric for the overall product is the amount of variation of the whole from the nominal 
dimensions, as caused by the variation in the parts. A typical method for determining the overall 
variation is stack-up: by adding the variations in the parts to arrive at the variation of the whole. 
Engineers are often faced with the necessity of predicting the tolerance of an assembly. Tolerance 
analysis is the procedure that evaluates the effect of part tolerances (independent variables) on the 
assembly tolerance (design function). Usually it is necessary to find the tolerance analysis model 
between the design function and the independent variables. 
Since tolerance is defined as the permissible level of variation, techniques used for variation 
simulation analysis are the same as those used for tolerance analysis. There are presently three 
primary methods available for the analysis of assembly tolerance variation. These methods are: 
worst case analysis, statistical analysis (root sum square), and Monte Carlo simulation (Variation 
Simulation Analysis / Modelling). 
The worst case method was the first version of variation stack-up for one-dimensional assemblies. 
It evaluates the assembly under the assumption that all parts are built to their extreme values. It 
generally requires very tight and unrealistic tolerances for the parts in order for the final assembly 
tolerance to meet the design specifications. 
The probability of each part in the assembly having the "worst case" dimensions simultaneously is 
usually very small. This tolerancing technique generally requires very tight and unrealistic 
tolerances for the parts in order for the final assembly tolerance to meet the design specifications. 
In statistical analysis, the variation of the parts is specified as statistical distributions. Calculating 
the distribution of the design function based on the part distributions is the task. Statistical analysis 
yields a more realistic estimate and looser part tolerances than the worst case method. It is also 
more practical for modeling interchangeability of mass production processes, because part 
distributions are taken into consideration. 
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A sub-case of statistical analysis, root sum squares (RSS), is based on the assumptions that the 
variance of the dependent variable can be expressed by a first order Taylor's series expansion of 
the independent variables. It is common practice to take the part variability as nonnal distributions 
with mean at the tolerance midpoint, and the natural tolerance limits at plus and minus three 
standard deviations. The statistical distributions of part dimensions are taken into consideration. 
This allows the assembly tolerance to be looser than based on the worst case. Results are therefore 
closer to real assembly situations. The method is simply to add the sums of the squared tolerances 
and take the square root of the total. The assumption of the nonnal distribution is needed. 
For mass production, Monte-Carlo simulation is used to create a statistical distribution of an 
assembly by randomly selecting many values from the known distribution of parts. The procedure 
is as follows: 
• Generate random numbers (deviations) for each part dimension based on the probability 
distribution. 
• Create a mathematical description of how the parts are assembled. 
• Repeat 1000-2000 times and create a histogram of the results. The resulting histogram will 
have a mean, and a standard deviation. 
• Study the results and revise the part tolerances if necessary and re-simulate the procedure 
until the desired assembly tolerance is achieved. 
A number of computer-aided tolerancing (CAT) software systems combine Monte-Carlo 
simulation and statistical techniques to predict the percentage of nonconfonnance for any 
dimensional assembly characteristics and detennines the factors that cause the nonconfonnance, 
such as variation in part properties, assembly methods, and assembly sequence. With this 
infonnation, it is possible to optimize tolerance values, dimensions, or assembly methods. 
The model also represents assembly methods and sequences including bolt-to-hole clearance, and 
three-dimensional locating schemes. Attachments to locating fixtures that contribute to overall 
assembly variation are also included in the model. 
Random number generators are used to select values for each dimension associated to each part, 
based on the distributions of part dimensions. Output variables (assembly dimensional 
distributions) are displayed graphically. Based on assigned functional specifications, the predicted 
nonconfonnance is obtained for each output variable. 
However, all these techniques do not consider the non-rigid behaviour of defonnable parts. In 
defonnable assemblies, part variations do not stack up as these conventional models predict. 
Takezawa (1980) applied linear regression models to real production data for automotive body 
panel subassemblies in mode ling variation, and concluded that for defonnable sheet metal 
assembly, "the conventional addition theorem of variance is no longer valid for detennining the 
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permissible limits (tolerances) for the automotive body assembly." In addition, his regression 
models showed that the dispersion for the assembly was closer to the variance of the stiffer part, 
and tooling was quite effective to control dispersions of an assembly. He concluded that analysing 
the variation of deformable parts assembly, parts deformation had to be considered. 
2.4.2 COMPUTER-AIDED TOLERANCING (CAT) SYSTEMS 
CAT systems have evolved considerably since their initial creation. This evolution has been made 
possible by advances in both computer hardware and software, which have brought about 
improvements in areas of software visualisation, accuracy, speed and ease of use. This 
improvement in computational power has given the user access to statistical data not previously 
available and therefore given them the ability to solve new, more complex, numerical problems. 
This has been especially beneficial in customer driven fields such as the automotive sector. The 
latest types of software are integrated within CAE packages and allow the user to obtain geometric 
data straight from CAD sources thus removing the need for complex programming to describe 
assemblies 
There are various different companies offering software and consulting to aid dimensional 
management programs; the three main players are:-
• Unigraphics (Owners of Engineering Animations Inc. and Variation Systems Analysis -
VSA) 
• Dimensional Control Systems (DCS) 
• Catia V5 Release 13 - Tolerance Analysis of Deformable Assemblies (TAA) 
VSA and DCS can trace their roots back to General Motors and their push for dimensional 
management in the '70's. 
Variation Systems Analysis (VSA) 
VSA defines a 6-step process for implementing DM into a company, which goes far beyond the 
software analysis of an assembly:-
Step 1- Clearly define product dimensional requirements. 
The first step ensures that you know what you are aiming towards so that any 
measurements can be measured against this specification. These requirements may 
concern assembly tolerances, which have been determined from an actual need for the 
function or appearance of the assembly, and should be customer driven (e.g. gap and 
flush requirements). Sometimes the specification can be functional such as for 
suspension assemblies where limits for toe and camber angles can be defined as 
requirements. 
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Step 2 - Detennine if the design, manufacturing and assembly process optimally meets the 
product requirements. 
This stage is a capability study to determine if your design can fulfil the criteria set out 
in step L This can be done in one of three ways: 
L Guess. 
2. Build many thousand prototypes to prove the capability. 
3. Simulate the building of the product in 3-D with full variation of dimensions as per 
the engineering drawings. 
Obviously only the third method offers an accurate, speedy and cost effective 
capability study. 
Step 3 - Ensure that dimensional management product documentation is correct. 
This step ensures that your product will be manufactured and assembled correctly and 
using the most up to date information. This is essential if the information gained from 
step three is to be the same as what will be made. 
Step 4 - Measurement plan validates product requirements. 
The measurements taken for the product should reflect the specification in step 1 and 
documentation in step 3. Features must be measured with respect to the same datums 
and targets used in both the documentation and of course the simulation. If there is 
any discrepancy between the method of measurement in the simulation and real life, 
then the results will be meaningless and the simulation must be corrected and re-run. 
Step 5 - Manufacturing capabilities achieve design intent. 
The capability study should verify the findings from the simulated study, which 
should (ideally) show that all measurements meet the specification. 
Step 6 - Production to design feedback loop. 
Where any areas are found not to meet design intent a solution must be found, 
provided the cost can be justified in terms of the impact on the final product. Once the 
solution is implemented the 3-D model and documentation must be updated and the 
process rerun. 
The VSA software tools have changed considerably over the years and especially after VSA was 
sold to Engineering Animation (EA!) in 1999 and then acquired by Unigraphics in 200L 
Unigraphics have inherited the expertise of EA! in product visualisation and concurrent 
engineering tools and this emphasis has led to the integration of VSA into their standard 
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visualisation tools with a view to removing the specialist understanding currently required to use 
the software. The change in the VSA software can be followed through its various guises released 
over the years: 
VSA 3-D release 12.5 - This is often referred to as the 'stand-alone' software since it runs on a 
desktop PC without the need for CAD data. It is marketed as a design verification tool to be used 
as part of the design process. Component part geometry and tolerance information must be 
entered manually using VSA's own variation simulation language (VSL), which is similar to the 
'c' programming language. The user must also code assembly information and where the 
software should take measurements during the analysis. The VSL file is then compiled and the 
statistical analysis carried out. The end result is a set of charts for each measurement output 
showing both graphically and numerically the range and central tendency of the variation. Values 
are also given for conformance to specification so the user can see how many parts that are built 
are expected to be scrapped. 
CAD Integrated VSA - The integrated VSA product is in essence just a translator to take CAD 
geometry and tolerances and turn them into VSL code to be used in the statistical analysis. The 
stahstical analysis and reporting options remain unchanged from the previous version. There is no 
need to hand code geometry and tolerance information in a separate step making the CAD based 
version of VSA easier to use and faster than version 12.5. However, due to some tolerances and 
assembly types not being supported by the software some manual coding is still required. 
Vis VSA - This product is a direct result of a VSAlEAI software development team collaboration, 
which has married the VSA software analysis core with EAI's visualisation tools to create an add-
in component to run seamlessly within EAI's VisViewNisMockUp software packages. The aim 
of the new software is to remove the need for specialist knowledge usually needed to operate such 
software and to make tolerance analysis a one-click solution. 
VisMockUp - EAI created VisMockUp as a digital prototyping software tool to allow the viewing 
and verification of CAD data on an ordinary office PC. This can be used to aid concurrent 
engineering practices during product development to verify assemblies for collision and annotate 
the CAD data with comments about corrective action. Where different areas of design may be 
based great distance apart VisMockUp can be used for online data collaboration and product data 
management. VisMockUp provides further functionality such as the ability to animate assembly 
processes and to take measurements from the CAD geometry which can be useful in assembly line 
situations to replace engineering drawings as a means of communication. 
Dimensional Control Systems (DCS) 
DCS is a Michigan based US dimensional engineering firm specialising in software tools for 
variation analysis and DM engineering consultancy. Their track record spans over 15 years 
59 
includes many academic collaborations as well as supplying DM solutions to many original 
equipment manufacturers (OEM). DCS' tools for variation analysis are similar to those used by 
VSA in that they rely on geometric part information coupled with tolerance/GD&T data to create a 
3-D tolerance model. This 3-D model is then subject to two statistical tests; a Monte Carlo 
variation analysis and a HLM sensitivity study. This software study forms an integral part of 
DCS' ten-step dimensional control procedure, which is defined as: 
1. Identify and document dimensional quality goals. 
2. Team consensus and signatures. 
3. Develop strategic plans to achieve all dimensional quality goals. 
4. Determine global tolerance and major datums for major sub-assemblies. 
5. Generate tolerances and datums for all parts and assemblies, statistical simulation, 
work towards buy-in from all team members - this is the key engineering phase. 
6. Optimise the design/process through 3-D analysis. 
7. Verify prototype tool and fixture designs - validate gauge and fixture capability. 
8. Evaluate prototype results. 
9. Verify production tool and fixture designs - validate gauge and fixture capability. 
10. Support during pilot, launch and production. 
Information gathered from steps 8 and 10 acts as feedback to be put back in at step 6 to allow 
optimisation of the product for dimensional robustness. 
The software tools used operate on a standard PC workstation platform easing accessibility to non-
CAD operators. The 3-D geometry is imported from CAD data via an IGES file converter and 
there is also the option to manually build simple geometry. Because of this CAD-like operation 
there is no manual programming language accessible to the user, which does mean that the ability 
to develop custom code is lost. The 3-D geometry can be visualised within the dynamic tolerance 
simulation package (3D-DTS). 
CATIA VS Release 13 - Tolerance Analysis of Deformable Assemblies (TAA) 
TAA is the advanced module released with the introduction of the first P3 (Platform 3) 
configuration of Catia V5. The module has been developed for the Tolerance Analysis of 
Deformable Assemblies (T AA). Its function is to 'assess the impact of the assembly process on 
flexible components.' In real-world terms this will allow users to create a digital simulation that 
follows the assembly of a particular set of components (such as a car body panel) and gauge the 
effects that the various production processes have on the tolerance of that assembled product. 
Whereas this type of work may be possible within other high-end systems at a basic level, what 
will make this most interesting will be the ability to use the Catia knowledgeware functions to 
experiment with different manufacturing processes (such as variation in welding positions and 
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tim ing) and accurate ly gauge the effects they have o n the to lerance of the fin a l prod uc t. A 11 of th is 
a llows users to o pt imise, not only the form o f the pa rt , but a lso the produc ti on o f the part. 
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Figu re 22: To lerance analysis of a deformable assembly in CA TIA V S (IBM) 
Key product fea tures inc lude: 
( I .) De formation and assembly process approaches - This product is based on a 
mechanica l approach that takes both de formatio n and the assembly process into 
account to predict the to lerances fo r we lded (r iveted, bo lted, or g lued) asse mbli es o f 
s heet metal parts. 
(2.) Easy c reation o f data and asse mbly process speci fi catio ns 
(3.) Process verificatio n before s imulation - This fun ction avo ids s imulation de fi c ienc ies 
by a llowing the user to make sure the spec ified process does not conta in fa ults. Fo r 
instance, it can detect if there a re two spot we ld operations fo r one po int. 
(4 .) S imul ation of the assembly to perfo rm a set of to leranc ing ana lyses - T he product 
prov ides sensiti vity ana lysis, determinist ana lys is, and sta tisti ca l ana lys is that a re 
based on the same co mmon co mpuratio n. Integratio n of Finite Element Analys is 
mode ls the e las tic "de fonn ab ility" in the assembly process and res ults in a fi ne r and 
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more realistic simulation. The user can get a sensitivity analysis to identify the key 
characteristics of the assembly. 
(5.) Easy re-computation of the simulation - This product avoids the use of time-
consuming Monte Carlo simulation. Additionally, there is no need to re-compute the 
simulation if only the input variations are modified. The type of simulation used 
allows the user to do a quick update simulation when the assembly process or few 
attributes need to be modified, added, or removed. 
(6.) Multi-display of the simulation 
• Graphical display of statistical and determinist analysis results are provided 
through displacement presentation (using FEA representation) and point 
deviation (using arrow and ellipsoidal representation). 
• Graphical display of sensitivity analysis results is provided through the 
representation of input deviation contributions (in percentage) of output 
deviation. 
• Statistical and determinist analysis results are also available through 
numerical display. 
The module has the potential for serious in-depth analysis of not only the behaviour of a product 
during its use, but during the manufacturing and production process. 
2.4.3 REVIEW OF EDSjUNlGRAPHlCS VlSVSA 
This section presents a brief overview of the capabilities of VisVSA and highlights a number of 
it's limitations when applied to the variation analysis of assemblies. 
Vis VSA facilitates statistical analysis of dimensional variations in parts and assemblies, based on 
Monte Carlo simulation. Tolerance specific entities and attributes are interactively extracted from 
CAD models. Feature attributes are varied within the specified tolerance range, and user-defined 
statistical distributions are used in simulation runs to determine the contributors, the extent of 
contributions, sensitivities, and statistical distribution of the analysed part dimension or assembly 
clearance/interference. 
Interfacing with CAD 
VisVSA imports geometry from CAD systems via its own proprietary file format * .jt. Translators 
are available for most CAD systems, but the translators only translate geometric information and 
geometric location information. Neither GD&T information nor mating conditions can be 
transferred from CAD files into * .jt files. So, each part in an assembly must be imported 
separately; assembly information in the original CAD files is lost and assemblies need to be re-
built. Also, constraint information in the original CAD model is not imported. However, if the 
assembly is already in a *.jt file, VisVSA can import it without losing any data. 
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Building the Model 
VisVSA uses an abstraction of the geometry and selected dimensious and tolerances for analysis. 
These abstract objects can be created independently or congruently with actual CAD geometry. 
The features supported in VisVSA are plane, pin, hole, point, tab, and slot. 
For analysis of the assemblies, constraints are defined by selecting the appropriate features from 
the part models. Then the measurements on the assembly are defined. These definitions include 
Point Coordinate, Point-to-point, Point-to-line, Point-to-plane, Gap/flush, Angle, Maximum or 
minimum virtual clearance. Multiple measurements can be defined in the assembly. 
Tolerance Analysis 
Tolerance modelling in Vis VSA includes modelling of part variation, assembly process and 
measurement (definition of dimensions to analyse). The types of results that Vis VSA can give 
include statistical distribution, contributors, and corresponding contribution percentage. For the 
amounts of variation, all of the toleranced dimensions are assigned a statistical distribution. Monte 
Carlo simulation then chooses one value from each distribution to create a unique sample for each 
component. The way VisVSA handles geometric tolerances is actually moving/deforming a 
feature according to tolerances specified with the help of a geometric solver. So if a point is 
defined on a pin surface and that pin has a size and location tolerance, then VisVSA will actually 
vary size and location of the pin (within the bounds of tolerances), and determine where the user-
defined point lies in model space for that particular Monte Carlo simulation. It will do this for all 
user-defined points and then calculate distances between them for each simulation. 
Since VisVSA uses point-based analysis, it might not guarantee that the relative position of the 
simulated points satisfies the tolerance specification enforced on the feature to which these sample 
points belong. It is not clear to outside parties how VisVSA deals with tolerance refinement 
relation during tolerance analysis. For example, it is unknown how to represent a floating form 
tolerance zone inside an orientation or location tolerance zone. The geometric solver is used to 
determine values of dependent geometric parameters from other parameters. An instance of an 
assembly is a series of features and relationships between features are passed to the solver to find 
the value of the dimension under analysis. Thus, the capability and accuracy of the solver becomes 
an issue as every solver has its own capabilities and limitations. VisVSA uses an inhouse 
constraint solver called Conjoin. 
Monte Carlo analysis lends itself well to the case where the component parameters have 
distributions other than normal, since only the random number generator needs to be modified to 
represent any other kind of distribution. It also handles both linear and nonlinear response 
functions, since the values of the response function are computed by simulation. The main 
drawback of the method is that to get accurate estimates, it is necessary to generate very large 
63 
samples and this is computationally intensive. If the tolerance analysis is carried out within an 
iterative loop of a large tolerance synthesis problem, this could make the solution process 
extremely time consuming and computationally expensive. On the other hand, if the Monte Carlo 
analysis is not run with enough samples, the results may be quite inaccurate. Also, if the 
distributions of the independent variables change or shift, the whole analysis must be redone, as 
there is no way of adjusting the existing results. 
Level of Expertise Needed to Build and Analyse Models 
Using VisVSA requires not only knowledge of GD&T, but also an understanding of VisVSA's 
solution logic. Considerable skill and experience is needed to get valid results. Besides, the 
documentation available in the user manual and online help is not as detailed as it should be for 
self-learning. Also, there is not much infonnation on how to interpret results. For a specific 
dimension of interest, it is not obvious which type of measurement to choose of all the types of 
measurement. For example, if one wants to analyse the distance between two parallel planar 
features, then one can choose point-to-point or point-to-plane measurement. The results are found 
to be sensitive to the locations of the points on the target plane; then comes the question of which 
location to choose and how to interpret the three different sets of results for the same dimension of 
interest - the distance between two parallel planar surfaces, evaluated by three measurements. 
The graphic user interface could also use some improvements. For example, point picldng during 
defining measurement points on features can be made easier if the mouse pointer can 
automatically focus or snap to special points like corner points, centre points and so on. 
Type of Analyses Supported 
VisVSA does statistical tolerance analysis based upon Monte Carlo simulations. The statistical 
distribution parameters (mean, standard deviation etc) are extracted from all the results of the 
simulations. Worst-case limits can be estimated when the sample size of simulations is big enough. 
Strictly speaking, however, it does not do worst case analysis. 
Overall VisVSA, despite its shortcomings, is one of the best commercial tools currently available 
for variation analysis, and it represents state of the art. Better mathematical understanding of 
geometric variations is required to improve the state of this art. 
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2.5 VARIATION ANALYSIS OF DEFORMABLE ASSEMBLIES 
Sheet metal, both steel and aluminium, or plastic assemblies are subject to misalignment between 
mating parts due to warped or distorted parts, deflections under gravity or handling loads, and 
residual stresses from welding or bonding processes. They are also subject to the tolerance stack-
up of dimensional variations inherent in stamping, forming and moulding processes. 
The analysis of dimensional variations generally assumes rigid parts (Bihlmaier, 1999). This does 
not account for deformations of individual parts during assembly. Rigid body analysis tends to 
over-estimate assembly variation in an assembly of flexible parts and cannot predict resulting 
stresses and deformations. Thin and easily deformable parts, such as sheet metal or composite 
laminates, cannot be accurately modelled using these methods. 
Sheet metal and composite laminate parts are often used in the aerospace and automotive 
manufacturing sectors, and many others. For example, the skin of an aircraft wing typically is 
assembled from many smaller sheets ofpre-formed sheet metal riveted together. Variation in the 
sheet metal parts results in residual assembly stresses which could cause the wing to fail 
prematurely. Also, shape deformations due to assembly could also affect the aerodynamic 
properties of the wing. Automotive bodies are another common example of deformable 
assemblies. Aesthetics, among other considerations, could be affected by deformations due to part 
variation. Vibrational noise is also affected by assembly stresses. A method for accurately 
modelling assemblies of deformable parts is clearly needed in these areas. 
Since all manufacturing processes are afflicted by variation the nominal value of a key 
characteristic or critical dimension may not be expected at all times. Variation in a geometrical key 
characteristic of an assembly typically results from a number of different sources. There is 
variation in the individual component geometry, which results from machine precision itself, but 
there is also process variation over time. Similarly, the assembly process will contribute variation 
related to the way in which parts are assembled, which may also vary over a period of time. The 
geometrical robustness of an assembly concept can be evaluated by its ability to minimise the 
effect of geometric variation in the final assembly product. Low robustness means that our 
assembly concept (the components and processes used) adds variation to the final assembly. High 
robustness on the other hand means that the system is able to suppress the variation in individual 
components and processes so that they do not affect the quality of the end product to any great 
extent. 
The industrial need for geometrically robust concepts increases rapidly as the development and 
production ramp-up time decreases. Since a concept change during pre-production is often very 
costly, geometry-related production problems must be avoided in early design stages. This is 
highlighted in figure 23, a generalised automotive product design cycle. 
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Sheet steel and aluminium automotive assemblies often use the material as their supporting and 
functional structure, so it is a key issue to control or predict the final geometry and variation of the 
assembly. The assembly process for sheet metal assemblies is often conducted in three steps 
(Dahlstrom and Soderberg, 2001):-
• positioning and clamping the parts in a fixture; 
• welding or joining the parts and; 
• finally releasing the parts from the fixture. 
During assembly, parts and process variations will influence the final geometry of the assembly 
proportional to the robustness of the assembly concept. Normally, the information needed to make 
a realistic analysis of the final geometric variation is extensive and in the early stages of the 
development process still relatively unknown. In the early phases of the product development 
process, a prediction or evaluation of the final geometry of the assembly is necessary to ensure the 
final geometrical requirements for the assembly are fulfilled. 
The variations introduced during the assembly process can be divided into two main sources:-
• part variation, mainly shape, size defects and material property variations; 
• process variation, introduced to the assembly by clamping, welding and joining forces 
or by variation in the fixtures used. 
These variations lead to different effects in the resulting sheet assembly. The difficulty in 
analysing a sheet metal assembly is when the variation listed above, forces the sheet metal parts to 
bend in order to fix them in their nominal position. In order for the above listed variation sources 
to influence a critical dimension of the assembly, two aspects of the assembly concept (both design 
and production) are critical:-
• whether the concept allows variation to propagate through the assembly structure, 
which is an aspect that is determined in the early design stages and; 
• whether the assembly sequence allows for spring-back, which is an aspect that is 
mainly determined during production preparation. 
In deformable sheet metal assemblies, part and process variations do not stack-up as the 
conventional models (worst case methods, RSS methods, and Monte Carlo simulations) predict. 
Takezawa (1980) applied linear regression models to real production data for automotive body 
panel subassemblies in modelling variation, and concluded that for deformable sheet metal 
assembly, "the conventional addition theorem of variance is no longer valid for determining the 
permissible limits (tolerances) for the automotive body assembly." In addition, his regression 
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models showed that dispersion for the assembly was closer to the variance of the stiffer part, and 
tooling was quite effective to control dispersions of an assembly. He concluded that in analysing 
the variation of deformable parts assembly, parts deformation had to be considered. 
An offset beam element model was developed by Liu and Hu (1995) for predicting the assembly 
variation of deformable sheet metal parts joined by resistance spot welding. The purpose of using 
the offset beam element is to include the shear effect provided by resistance spot weld nuggets that 
cannot be captured by the conventional beam element. The offset element is applied to predict 
sheet metal assembly variation for one-dimensional (ID) models. The first example used evaluates 
the effects of sheet metal thicknesses on assembly variation. The second example shows how the 
assembly sequence affects assembly variation. The material used is presumed to be steel and the 
known difficulties associated with the spotwelding of aluminium would support this. In 
concluding their work, some general guidelines are provided for the design and production of sheet 
metal assemblies:-
• choose sheet metal thicknesses as equal as possible when tooling variation is small; 
• choose opposing sheet metal thickness when tooling variation is large and; 
• control the variation of the thicker part because it plays a dominant role to assembly. 
The three piece welding example highlights the advantage of sequential assembly since it was 
shown that sequential welding results in smaller variation than simultaneous welding. 
Liu, Lee and Hu (1995) and Liu and Hu (1995 and 1995a) proposed an approach, Mechanistic 
Variation Simulation, for analysing the variation of deformable part assemblies by combining 
engineering structural models with statistical methods. The mechanistic variation models can be 
obtained analytically, numerically, or empirically. These models provide an improved 
understanding of deformable sheet metal assembly processes. 
Liu and Hu (1996, 1997, 1997a, and 1998) also proposed the use of finite element analysis (FEA) 
in Mechanistic Variation Simulation for two-dimensional and three-dimensional free-form parts. A 
direct computer simulation is provided by the combined use of finite element modelling (FEM) 
and Monte Carlo simulation. The analyses performed highlight how part variation is transmitted 
through a number of different joint types. This method is very time consuming if many types of 
variations are to be simulated. Furthermore, the random numbers generated must be correlated to 
make realistic distributions, and in many cases this is difficult to achieve. The method assumes 
small deformation for each component so that linear mechanics can be applied. The assumption of 
linear mechanics (small deformation and the linear Hooke's Law) guarantees the uniqueness of the 
assembly configuration for an occurrence of a set of sources of variation. All nonlinear effects are 
ignored. 
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A faster way of doing the simulation is to establish a linear relationship between the parts 
deviation and the assembly spring-back deviations by using the method of influence coefficients 
(Liu and Hu, 1997, 1997a and 1998). Defining the sensitivity matrix, which describes how the 
assembly spring-back is influenced by initial geometric variations, achieves this. 
Lately, a robustness evaluation method for compliant assembly systems has been presented (Lee et 
al., 2000). 
A method developed by Sellem and Riviere (1998, 1999, and 1999a) takes into account three 
different kinds of variation in the simulation: positioning, conformity and shape variabilities. The 
output of the simulation produces the influence of these variabilities on: distributions at control 
points, the force required for the clamping process and the residual stresses near the fastening 
points. The theoretical basis for this method is based on the influence matrices. 
The use of beam-based modelling to describe a sheet metal assembly has been presented by 
Ceglarek and Shi (1998). The method identifies different joint types and beam elements to achieve 
a simplified model of the assembly. 
The use of transformation vectors to describe variations and displacement of features has been 
presented by Chang and Gossard (1997). The method represents the interaction between parts and 
tooling by contact chains which are later used in vector equations. 
Suri, Painter, and Otto (\998) developed a strategy for setting tolerances on operations within a 
manufacturing system. Back-propagation methods are used to predict the end-of-line variation and 
to demonstrate that the final product meets the target specifications. The approach is demonstrated 
with a model of the manufacturing process for a flexible MIG welded automotive structure, where 
the required tolerances at weld fixture locations are established to ensure the final frame distortion 
is within acceptable limits. 
Frutiger and Rastogi (1995) describe the application of the finite element method to a class of 
variation problems induced by assembly build distortion. Two case studies are presented to 
illustrate the use of FEM to predict car body build distortion. The first example is the mounting of 
a sheet metal wing on a car body, and the second example is the door assembly process for a coupe 
door on a midsize vehicle. The individual parts of the assemblies are modelled and the processes 
simulated using appropriate boundary conditions, constraints and a special element for the 
spotwelding operations. The method is then used to consider the process sensitivities of various 
process conditions. Correlation with measured coordinate measuring machine (CMM) data on 
several prototype door builds from the assembly process is also shown. 
Merkley (1998) proposed a new method for tolerance analysis of flexible assemblies. He uses the 
assumptions of Francavilla and Zienkiewicz (1975) to linearise the elastic contact problem 
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between mating flexible parts. Merkley derived a method for predicting the mean and variance of 
assembly forces and deformations due to assembling two flexible parts having surface variations. 
He describes the need for a covariance matrix representing the interrelation of variations at 
neighbouring nodes in the finite element model. The interrelation is due to both surface continuity, 
which he calls geometric covariance, and elastic coupling, which he calls material covariance. 
Merkley uses random Bezier curves to describe surface variations and to calculate geometric 
covariance. He also showed that material covariance effects are described by the finite element 
stiffness matrix. Stout (unpublished) followed Merkley's work by using polynomial fits to produce 
the geometric covariance matrix. Merkley described surface variation in terms of a tolerance band 
specified about the nominal surface. Stout investigated the effect of different wavelength surface 
variations on assembly results. 
Bihlmaier (1999) proposes a method for modelling flexible assemblies, called the Flexible 
Assembly Spectral Tolerance Analysis (FAST A) method, which uses an autocorrelation function 
from frequency spectrum analysis to model random surface variations. Finite element models are 
used to predict assembly forces and stresses from known surface variations. 
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3. INDUSTRIAL LINKS 
This chapter identifies the industrial relations that have been established during the course of this 
research. It also aims to highlight for the reader those issues considered timely in relation to the 
design, development, and production of aluminium intensive vehicles in the current commercial 
climate. 
3.1 MSX INTERNATIONAL (MSXI) lTD. 
This research is sponsored and supported by MSX International (MSXi) Ltd. They provide 
collaborative enterprise services for automotive manufacturers on a global scale. Their list of 
capabilities encompasses a full range of engineering, staffing, and business and technology 
solutions. In the UK, particularly their base in the East Midlands, they provide engineering support 
and deliver products and services for a number of vehicle manufacturers, including Jagnar Cars, 
Ford Motor Company, Lotus Engineering, Bentley and many others. 
They consider their approach to tolerance analysis to be somewhat traditional in the sense that only 
recently software tools such as VSA and Valisys have been adopted in the work they undertake. 
Previously, traditional tolerance stack-up methods including the worst case and RSS methods were 
used in product and process development. 
Their approach to product development consists of four phases:-
• Pre-programme 
• Concept Competition 
• Concept Development, and 
• Implementation Phase. 
The use of tolerance analysis software relies on the provision of CAD data for vehicle geometry. 
This is a problem in the earliest phases of a vehicle development program when such data is 
generally unavailable. Ideally, MSXi would like to be able to identify a design or vehicle concept's 
sensitivities to dimensional variation at the earliest available opportunity in the development 
programme. They are looking for an approach to tolerance analysis that can be applied consistently 
to all four phases and in particular would like to make use of software tools using Monte-Carlo 
simulation in not only Concept Development but also in Concept Competition where a vehicle 
theme is selected and significant costs and engineering resources are committed. 
There are a number of areas for research that have been highlighted resulting from the 
identification of common ground of Loughborough University and MSXi to enhance and further 
develop competencies in the field of dimensional management:-
(I.) The accuracy of tolerance analysis models - do they really correlate with real-life 
processes? Can we better understand the science of dimensional variation? 
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(2.) Flexible components - how do we handle them and in particular, how do we model 
location processes, clamping forces etc.? 
(3.) The characterisation of processes for their geometric capabilities - the production of a 
benchmarking guide to identify the processe(s) required to deliver required geometric 
requirements. 
(4.) How do we link cost into the tolerance allocation process? 
MSXi is also beginning to develop its own Craftsmanship methods. The company hope to market 
their craftsmanship methods to other industries. For this reason, they are planning extensive 
research into the current use of craftsmanship in non-automotive industries. 
MSXi have become highly integrated into Ford Motor Company with work carried out on the Ford 
Ka and the Jaguar X400 vehicle programmes. They are currently in the process of developing for 
Jaguar Cars a manageable craftsmanship evaluation and rating system that can be used throughout 
the vehicle desigu, development and manufacturing processes, with common targets identified 
throughout. 
MSXi are presently heavily involved in Jaguars' X600 vehicle deVelopment programme and are 
using this work as an enabler to drive new systems into place in the craftsmanship process. For 
example, the use of virtual product design tools in the digital environment as craftsmanship 
evaluators. 
MSXi have a rich tradition for supplying excellent engineering solutions in steel (Roberts, 2001). 
The future is considered to lie in building up the equivalent skill sets in the use and knowledge of 
aluminium. MSXi have been involved in a number of aluminium-intensive vehicle projects over 
the years and have worked with a number of leading players in the aluminium industry including 
Alcan Aiusuisse, AIcoa, and Hydro. 
They are currently in the process of developing a strategy to take advantage of the opportunities 
that aluminium has to offer and "as manufacturers strive to remain competitive, and weight 
becomes a critical factor, MSXi needs to be at the forefront of intelligent, innovative engineering 
solutions, working with and using aluminium" (Roberts, 2001). 
In light of Audi's decision to manufacture the new A4 body from steel because they have not 
reached a manufacturing solution for production volumes of 70,000 units in aluminium per year or 
greater, it is considered a timely issue to develop approaches to AN construction based on Audi's 
model of 60% sheet aluminium, 20% diecastings, and 20% extrusions. 
Another topical issue and area of concern is the use of exposed vehicle structures as exterior trim 
on vehicles. This is of siguificant importance to the motor industry with the increasing application 
of magnesium and aluminium in vehicle bodies. 
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3.2 JAGUAR CARS LTD. 
Jaguar Cars, a Ford Motor Company Trust Mark brand - like Aston Martin and Land Rover, is a 
company undergoiog a great many changes. The introduction of the highly successful S-Type 
sedan expanded its range and took it toward new status as a medium-volume producer. This 
transition is now almost complete following the iotroduction of the smaller all-wheel-drive sedan, 
code-named X400, or X-Type. These changes - coming at a time when pressure on all vehicle 
producers to reduce design time and costs while enhancing quality has never been greater - bring 
particular challenges to Jaguar whose strength lies in products that combine performance, style, 
and quality. 
At Jaguar's Product Engineering Centre, in Whitley near Coventry in the UK, they employ the 
latest design tools, including the C3P (CAD/CAM/CAElProduct Information management) 
system. This reduces the number of design iterations and the time-to-market for new products. 
Thus, Jaguar has the capability for true concurrent engineering involving all of their suppliers. 
"The introduction of the C3P system means that our design process now only caters for one type of 
prototype called a confirmation prototype", says Jonathan Browning, Jaguar Managing Director. 
"As the name suggests, these vehicles are used to confirm that the advanced CAE and 
manufacturing feasibility work have indeed produced a vehicle which will satisfy the customer" 
(Anon, 2000b). 
Browning states that there is a need to develop such computer simulation techniques to bring 
further reductions in design and development time for new models, but he is aware of the potential 
dangers of cutting too far, with possible impact on quality. The typical time from design approval 
to Job One remains around 30-36 months, although this depends on a range of factors includiog 
the size of the project, the number of body derivatives, and io how many markets the car will be 
sold. 
The next vehicle from Jaguar Cars will be the X350 - an all-aluminium car. It will be made at the 
company's Castle Bromwich plant and will be the first Jaguar to make extensive use of technology 
developed from Ford's North America Aluminium Intensive Vehicle (AIV) programme, carried 
out in conjunction with Alcan Aluminium. Jaguar's Castle Bromwich works will become "a centre 
of excellence" for aluminium technology, assisted by input from engineers from Ford in America 
and Alcan Aluminium, the material supplier. 
Aluminium is also likely to be at the heart of two more new Jaguar cars - the X150, a replacement 
for the XK8, and the X600 - Jaguar's reply to the Porsche Boxster. Production of these two cars, 
now merged under a single car programme, is expected to be io the region of 30,000 to 40,000 a 
year, in the same ball park as the X350. All three cars form part of a new product offensive which 
will see production exceed 200,000 units a year. 
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A particular focus of interest in all three cars will be the manner in which body designers will 
come to terms with aluminium. Car stylists tend to think in terms of steel for the detailed shape 
that a car takes. But aluminium - requires a different approach; what can be achieved in steel 
frequently is not always possible in aluminium. And, because aluminium is being used in the X350 
in place of steel for the main structure as well as the closure panels, new methods of joining are 
being developed and honed by Jaguar engineers. Thee joining processes will be used widely in 
production of the aluminium body: self-piercing rivets, adhesive bonding and clinchinglhemrning. 
Particular care has to be taken with clinching to avoid cracking of the aluminium. 
Both self-piercing rivets and adhesive bonding will feature strongly too in the combined XI50 and 
X600 programme. A feature of all three cars is likely to be the British-developed system of self-
piercing rivets designed and developed by Henrob of Flint, Clwyd. Self-piercing rivets have 
proved invaluable as a cost-effective means of joining aluminium panels together. The 
conventional alternative for steel is spot welding which is associated with high start-up costs, but 
this process is not the optimum joining technique for aluminium because of the high currents 
required during welding. 
Henrob has already gained considerable experience with its self-piercing rivets at Audi in 
Germany with its aluminium-intensive A8 (now much improved over the first cars to appear), at 
Daimler Chrysler with the Plymouth Prowler, at Volvo in Sweden and at Porsche in Germany. To 
this reference list can be added the experience gained with Ford on its AN programme. 
Production of the body for X350 will require some 350 "guns" to apply rivets to the joints. 
In the Henrob system a joint is made between two or more materials using a rivet to pierce and 
clinch in a single operation. The rivet is squeezed at high force into the material to be joined, 
piercing the top sheets of material and spreading outwards into the bottom sheet against an 
upsetting die. The technique is virtually noiseless and without fumes or sparks, according to 
Henrob. There is no need for pre-drilling or hole alignment and the technique can be applied to 
join dissimilar materials. 
A compact automatic feeding device on the "gun" provides high-speed continuous riveting in any 
plane. Typical cycle time for a gun is between 0.25 and Is. The joint offers high strength, can be 
visibly checkable is and water tight. The X350 bodyshop is being designed and built by Comau-
PICO, part of the Fiat Group. The body shop will use Z-Series robots from Kawasaki which has 
also supplied the robots for the X400 bodyshop at Halewood and the X200 (Jaguar S-Type) 
bodyshop at Castle Bromwich. 
The X350 bodyshop will require 100 robots, many of which will be used to apply self- piercing 
rivets. Among other companies taking part in the X350 programme are Premier Sheet Metal and 
Abbey Panels, both of Coventry. Premier is a prototype and production sheet metal specialist 
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supplying both prototypes and parts to the likes of Rolls-Royce Motor Cars and Jaguar Cars. Some 
10 car sets of prototypes are being put together under this part of the programme. 
A big item of the X600 expenditure will be the body-in-white. But key questions surrounding the 
body include where it will be made, who will manufacture it and in what material, and how it will 
be made. How the body is manufactured and from what material depends, to some extent, on the 
level of success achieved with the X350. By the time the X600 moves to production, some three 
years from now, laser welding technology may have advanced to the point where it can be 
successfully used as another joining technique. 
Digital mock-up at Jaguar 
Prior to the purchase by Ford and the introduction of the automotive giant's high-volume design 
and product technology and processes, Jaguar used in-house tools to conceptualise and produce 
design details, primarily wire-frame and partial surface-based product definitions. One of the 
greatest disadvantages of this approach is the ambiguity of the product models. The interpretation 
of wire-frame models is a practised art and often does not allow the design team to validate the 
final concept correctly. Additionally, sharing this mission critical data to any great effect beyond 
the design department is practically impossible. Obviously, any system that allows engineers and 
designers to conceptualise, simulate and analyse a product prior to the manufacture of costly 
physical prototypes (and also allows the communication of that design throughout the enterprise) 
will provide immediate and tangible benefits. 
EArs solutions in use at Jaguar operate on many different levels. Within the engineering and 
design departments, VisView and VisMockup allow the visualisation, simulation and analysis of 
function and fit, manufacturability and assembly using a single geometry source and user interface. 
Other EA! products assisting in the development process include Virtual Jack, an 
anthropometrically correct human simulator assisting in the development of the 'cock-pit' and 
EArs VisVSA tolerance analysis tools which allow engineers to analyse the variation of 
components within tolerances during manufacture. 
Beyond the engineering department, VisProducts allow any department access to the wealth of 
engineering and manufacturing data generated during car development projects. Due to its ease of 
use, and the scalability of the solutions, a common interface can be deployed across the entire 
enterprise. This allows those that need to view and evaluate up-to-date information, and perhaps, 
just as critically, in a controlled and secure manner. 
Initially deployed purely as engineering tools during previous projects, EAI's system are now in 
extensive use by both management and production departments. The ultimate goal is 
implementation throughout the enterprise, moving into the manufacturing facilities to allow 
collaboration between all parties involved during the life cycle of a vehicle. 
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4. ASSESSING CURRENT STATE-OF-THE-ART IN DIMENSIONAL 
MANAGEMENT 
In this section a number of issues are highlighted pertaining to the application of dimensional 
management methods and CAT systems for industrial application. 
Most CAT systems are advertised as "one press button" applications. However, this does not hold 
for many of the systems outlined in Chapter 2. In tolerance specification for example, users most 
often have to select the surfaces to be toleranced, sometimes come up with the appropriate 
tolerance type(s) and determine a tolerance value as well. In tolerance analysis often the kinematic 
loops on which the analysis is to be performed as well as equivalent joint types have to be selected. 
Thus current CAT systems cannot be called "one press button" applications. 
Training and more importantly frequent usage of the CAT systems seems to be necessary to be 
able to effectively operate a CAT system. Ordinary CAD users, although trained in the use of the 
CAT systems, use the CAT functionality not frequently enough to effectively use the CAT system. 
Because of this, they often abandon the use of the CAT system. Therefore, it seems that current 
CAT systems can be employed most effectively either in large organisations which can afford one 
or more support departments which are specialised in the use of CAT systems or in highly 
specialised consultancy agencies that offer their CAT or dimensional management services to 
other organisations. It is expected however, that in the near future CAT systems will tend to 
develop more towards the "one press button" paradigm, allowing ordinary CAD users to take 
advantage of their functionality. 
Most current CAT systems assume a rigid body for which the tolerances describe small allowable 
variations from the nominal geometry. Small displacements (relative to the component's 
dimensions) are assumed. Tolerances related to non-rigid, deformable bodies are not dealt with 
however. Another assumption that is often made in tolerance analysis, is that the influence of form 
tolerances is negligible. Other assumptions made in tolerance analysis are: 
• when constructing solid assembly models, assembly sequence is implicitly assumed to be 
equal to modelling sequence. 
• only dimensional, geometric and kinematic sources of variation are considered. 
• analysis of final assembled configuration is good enough to predict assembly problems. 
• same analysis procedures applied to all kinds of assemblies. 
Most tolerance synthesis systems suffer from some drawbacks as well. The most important one of 
these is that statistical tolerance synthesis models often assume that manufacturing variations 
follow normal distributions. However, this is not valid in general. 
76 
There is a lack of understanding of the relation between the tolerance values and the physics 
involved in the functioning of the assembly. Although some general rules can be identified, direct 
relationship of tolerances to functioning and performance is not yet fully understood. 
There is also a lack of understanding for the relation between the physics of the manufacturing 
process and the tolerances of the component made by that particular manufacturing process. Often 
statistical distributions are used for this. However in the best case these are based on 
measurements of other components than the ones currently under study. In other cases normal 
distributions are assumed that may not reflect actual process characteristics. As a result, most CAT 
systems offer insufficient tolerance value specification/allocation support. 
Unresolved issues for CAD-based tolerance analysis 
I. The relationship to GD&T must be resolved 
There are many misconceptions about the application of GD&T standards to assembly 
tolerance analysis. How do Maximum Material Condition (MMC) or Regardless of 
Feature Size (RFS) apply to a tolerance stackup? What happens with bonus tolerances? 
Are geometric variations applied differently in a statistical analysis versus worst case? If a 
form tolerance is applied to a feature of size, should two variation sources be included in 
the tolerance stackup? Do the size variations include the surface variations, or do they 
represent two independent sources of variation? 
Most of the misconceptions arise from a lack of understanding of the fundamental 
principles upon which the GD&T standards and assembly tolerance analysis are based. We 
also need to get a clear concept of the difference between a specified tolerance and a 
measured or prediction variation. 
2. New standards for assembly variation are needed 
There are no standards for computing tolerance stackup and variation propagation in 
assemblies. ASME Y14.5 has only recently acknowledged the existence of statistical 
stacknp analysis. How this is to be done is still open-ended. 
3. Better data on process variations is needed 
The assembly variations predicted by tolerance analysis are only as accurate as the process 
variation data entered into the analysis model. However, there is very little published data 
describing process variations and the cost associated with specified tolerance limits. If you 
wait until the parts are made, so measured variations can be used in the model, you will 
lose one of the major benefits of tolerance analysis. In the design stage of a new product, 
tolerance analysis serves as a virtual prototype for predicting the effects of manufacturing 
variations before the parts are made. To fully realise this benefit, we simply must have an 
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extensive database, which characterises process variations over a wide range of conditions 
and materials. 
4. Ease of use and application 
One problem with current analysis software has been the amount of effort required to 
become proficient in its use. Inexperienced users can output results that look accurate but 
may be filled with errors. Reviewers having less experience than the person who made the 
errors are not able to catch the mistakes. Efforts are being made to make the software more 
user friendly, and this should reduce the learning curve. 
Attempts to produce a software package that speeds up the modelling process are 
introducing risks that may be easily overlooked. The software is permitted to select points 
on surfaces that later get used for determining part locations in an assembly. The 
automated point selections are made on the basis of routines written in the program code. 
If the user does not understand how the software makes the point selections, then a needed 
decision to override the program might not be made. The result will be an inaccurate 
analysis. 
The future will eventually include CAD systems and the associated manufacturing equipment 
where only a 3-D product model will exist with all requirements attached to part features in such a 
way that either engineers or software can read and interpret this data. 
Caution is recommended in using emerging software tools to ensure they are properly used, and 
that any outputs are accurate. Many of the new products available today are of very high quality, 
but the results obtained by inexperienced people can be extremely misleading. A well educated 
and experienced mind is still superior to the best available computer and software package. 
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5. DIMENSIONAL VARIATION ANALYSIS USING CATIA TAA 
T his section presents the approach based on the finite e leme nt method deve loped fo r TAA and a 
summ ary o f research undertaken by Dassa ult Systemes to eva luate the appl ication o f TAA to 
industria l prob lems. 
In aut omot ive and aerospace companies, inspecting the sheet meta l asse mbly process is a subject 
of critical im porta nce. Due to the pro pagation o f part defects or process imperfect ions, this 
inspectio n beco mes necessary in order to pred ic t th e varia tions. The va ri at ions are th ose o f th e 
fin a l shape of an assemb ly re ulting from known e rrOr distributions at the pre-asse mbly leve l. 
Dassa ult Systemes have deve loped a mechanica l system s imu lation method, tak ing geometri c 
fa ults and de form at ion o f parts and mechanica l sets into account (Se llem and Rivie re, 1998). 
S ince s imul atio n methods take the geometric definiti o n of pa rts and mechanica l systems into 
account, they can be separated into two categories:-
I ) Mecha ni sm-or iented ana lys is o r to leranc ing synthes is methods : if we know the to leranc in g 
o f each pa rt , we can verify that the mechanism's functiona l cond itio ns have bee n met o r, 
vice versa, if we know the mechanism's funct iona l conditions, we can deduce the 
to lerancing of each part. 
2) Prod uc tio n process-oriented ana lys is or to leranc ing sy nthes is methods: if we know the 
to leran c ing of each part before it is subject to a process acti v ity and the dis pe rsion of the 
produc tio n process used, we can compute th e to le ranci ng o f each part when prod uc ti on is 
finished or. vice versa, if we know the to le rancing requ ired when prod uction is fini shed, we 
can seek o ut a process capab le of achiev ing thi s production quality. 
T he FEA-based approac h uses as input the nominal CAD geo metri es of the different pa rts and the 
distribution o f variabi lities both at the geometry and process leve l, to predict the distribution o f 
shape variabili ty at any number of spec ified inspection po ints in the fina l assembly. 
~1I 
Assembly 
variation 
Welding guns 
forces ' 
Sensitivity...) 
Figure 24: TAA Simulation (Se ll em and Riviere, 1998) 
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The process for fa stening two sheet metal pa rts can be descr ibed as fo ll ows:-
I) each part is pos itioned in a free state o n stat istically dete rmined " isostatic" supports (see 
fi gure 25). 
2) each part is bro ught into conform ity wit h add itiona l supports. 
3) the parts are brought in co ntact by the fa stening robot, at the fa stening po ints. 
4) the parts a re we lded by attaching together the coup les of corresponding points. 
5) the robots are re leased. 
6) the assembly is re leased (as ide from one a rbitra ry set of" isostatic" suppo rts). 
Supports I 
Add Support I 
11 I fastening I 
Figure 25: Definitions of poi nts (Se llel11 and Riviere, 1998) 
The s imulation attempts to mode l the assembly process as c learly as possible. The first step 
corresponds to the pos itioning of each part to asse mble. One method co nsists o f locating each part 
re la ti ve to an abso lute reference fram e by using fi xtures (see fi g ure 26). Anot he r method consists 
of pos itioning a part re lati ve to another o ne by using the so called " Hole to Ho le" method . 
Assembly on tOOling 
Fixed positioning 
system 
Each part is positioned relative 
to the absolute reference frame 
Assembly hole to hole 
o 
o 
The top part is positioned 
relative to the bottom part 
Figu re 26: Positioning methods (Se llem and Riviere, t998) 
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The pa rts are brought into conlaCI:-
• e ithe r by app ly in g equal and opposite loads on each s ide of the asse mbly ( in th e case of a 
lig ht fl ex ible robot). If the robot is co nside red perfect, the parts a re asse mbl ed in the 
deformed configuration. 
• or by app ly in g a load which fo rces the parts in the nominal co nfig urati on (the case of a 
mass ive, rig id robot). Fastening wi ll occur at a fi xed locatio n re lative to an abso lute 
reference fram e). In this case, the pa rts are assembled in the nominal con fi gurat io n. 
One Force 
,. , 
!"::.~ ":<\::::: ....... . 
• E.8ch part returns to 
the nominal conligurfllion 
Two opposite Forces 
v 
c ~~,:..".""" ..... . 
t -F 
Each part moves 10 
reech the equilibrium stete 
Fastening : Spot welding, gluing, riveting or bolting 
Figu re 27: Fastening methods (Sell em and Riviere, 1998) 
As o pposed to rigid parts, whi ch are measured while in a free, unconstrained sta te, fl ex ible parts 
are constrained prior to inspection (that mea ns add itio na l supports are used). The constra ined state 
corres ponds to the onc which w il l be used for the pos iti oni ng of the assemb ly for the next 
assembly process. 
The fo ll ow in g set of hypotheses are app lied in the process of creating a TAA s imulat ion:-
• a ll fa stening operations take place s im ultaneous ly. 
• a ll phases of the process (and hence the computation a lso) are conside red to be linear 
(sma ll d isplacements, no fr ict ion, linear mate rial behav io ur). 
• contact between parts is assumed to occur at nodes of the FEM mesh. 
• geometric defects are a sum ed to be linear co mbination s of s tatic defo rm ation shapes 
corresponding to unit displacements. 
• a ll ty pes of variab ility ca n be modelled us ing a discrete set of points (pos itioning points, 
additional po ints, and fastening po ints) . 
T he method s imulates a fastening process by taking into accoun\:-
I) the pos ition ing variab ilities: these va riati ons represent e ither a geometric defect of the 
part loca lised at the pos itioning points o r a pos ition ing de fect of the isostatic suppo rts 
(3-2-1). Such a variabi lity ge nerates a rig id body motio n o f the correspo nding part. 
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2) the confo rmity var iabi lities: these are due to the pos itio nin g defect o f the ro bot which 
fastens th e parts, or poss ibly a pos itio ning defect o f the add itio nal suppo rt (3-N). 
3) the shape variabi li ties: these correspond to a ll pro fil e defects (except those re lated to 
rig id body moti ons) . 
I~ 
----------jk::j !~ 
--! l-=:::::::l 
, 
Figure 28: Variation types (Se liem and Riviere, 1998) 
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The pos it ioni ng and confo rmity variab iliti es are de fin ed by statisti ca l di str ibutions at the vario us 
po ints (pos itio ning, addit io na l, and fas tening) w hereas the shape va ri abi lity is de fin ed by Gauss ian 
statistica l distribut ions for eac h shape to le rance. Let these d is tributions be represented by:-
{xp }RB' {X •. F 1. {X}. where {X}= {It ,(J}. 
~ ,0 mean and standard dev iatio n o f a statistica l d istr ibution 
{D,}~ 0 is the ty pe of data, B the type of va riab ility ana lysed, C is the set of po ints where un it 
disp lacements are app lied. A is the set of po ints where 0 is given. If A is no t mentio ned, 0 
is g iven at a ll nodes. 
{w} 
noda l d ispl acement vector 
Types of va ri ab ili ty 
RB Rig id-body-re lated variab il ity (isostatic pos iti oning) 
Process- re lated variabi lity (con fo rm ity de fect) 
S Geometry- re lated va riabi li ty (shape defect) 
Types of point sets 
P Isostatic (pos itio ning) points/s upports 
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t\ Additional points/supports 
F Fastening points (welding spot, riveting, bolted or gluing) 
S Shape points (used to describe the shape defects) 
The method produces the influence of these variabilities:-
• on the statistical distributions at control points, 
• on the forces required from the robot (welding electrodes for the welding process) during 
the fastening operation, 
• on the residual stresses in the neighbourhood offastening points. 
The linear behaviour and Gaussian distribution assumptions avoid the expensive use of the Monte-
Carlo simulation. Therefore, the approach is based on the finite elements method (FEM) which 
models the deformation effect of given displacements and loads applied to elastic structures. Each 
sheetmetal part is considered as an elastic structure. The nominal geometry is meshed using thin 
shell elements, by making sure that to each of the above-mentioned points there corresponds a 
mesh node. 
The simulation of the process can be carried out in two different ways. 
The first approach would be to introduce simultaneously all variables and to obtain directly the 
corresponding solution vector. This method requires a full simulation for each new set of (part or 
process) tolerances, and can become quite expensive for what-if type studies. 
The second approach consists of splitting the computations in two distinct sections. 
In the first section, the program performs computations corresponding to « unit displacements » at 
the various points. This gives rise to a number of solution vectors equal to the number of 
simulations. These vectors grouped together form three matrices of influence coefficients 
[w 1:: •. [w IF, [w~, corresponding to the three types of variability. 
In the second section, these matrices are linearly combined with any set of actual input 
distributions at the relevant points, to produce the final configuration. The global solution vector 
(geometric distribution) is then given by:-
11}- [wl:.il"'}R' +[wt'iIAF 1 + [W'nl}. (1) 
~,}- [w' ~. ~~ }R. + lw' r' ~i, 1 + [w" ~ b'}. (2) 
Where each column of [W'~, equal to: {w'}!, = [w~,{r}~·· (3) 
The index i of the Equation (3) corresponds to the shape tolerance index. 
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The computation ofthe contribution of the positioning variations and of the conformity variations 
are directly obtained by a linear combination of the input data weighted by the influence 
coefficients of the corresponding matrices (see Eq. (I) and (2». The reason is that there is one-to-
one correspondence between unit displacements and statistical distributions. 
For the shape variations, the statistical distribution are given for each shape tolerance generally 
represented graphically as la I A I. 
Here A represents the tolerance value with an optional symbol which imposes the tolerance to be 
one-sided. Each shape tolerance is represented by a set of point (termed shape points set) and a set 
of displacement vector {r}, (where 0 s r,/ s 1 and each fq is applied to each point) corresponding 
to the possible profiles of the shape defect studied. Here the contribution of the shape variations is 
also obtained by a linear combination of the input data, but weighted by the influence coefficients 
of the [wJ: matrix. Each column of this matrix is the influence coefficients vector of each shape 
tolerance (see Eq. (3». 
Matrices [w~., [w r', [w'J: are independent of the input data, hence {x} is directly obtained by 
the above equation, and can be used to evaluate the position distribution at any point (in particular, 
at the location of the control points). 
The second method has been retained for its advantages. The solution is thus based on the 
computation of influence matrices. Each column of these matrices defines a vector of influence 
coefficients at a base point. 
These displacement modes are obtained in two steps:-
I) Computation of the internal displacements «< static liaison modes») and reaction forces 
corresponding to a unit (normal), displacement at a basis point, all other (normal) 
displacements at basis points being kept equal to zero. The type of point where the unit 
displacement is applied depends on the type of variability being considered. This 
computation generates all data relative to the state of the assembly system just prior to 
the fastening operation (a state corresponding to the end of phase 3 of the assembly 
process). 
2) Computation of the internal displacements corresponding to the numerical simulation of 
phases 4, 5 and 6, starting from the previous state. This time, parts are welded and all 
external actions on the assembly are relaxed. 
The two steps are adapted for each type of variability considered. 
The statistical distribution of the loads is obtained by replacing in the above relations the 
displacement vectors by the reaction force vectors obtained in step I. 
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5.1 VOlVO BODY-IN-WHITE ASSEMBLY 
The s imulatio n method was first implemenled in CATIA as a prototy pe in order to va lidale Ihe 
mode ll in g approach (Sc llem and Ri v ierc , 1999). The industrial examp le corresponds to an ac tua l 
assemb ly co mposed o f four comp lex stamped sheet-metal pa rts. The asse mb ly is part of a Va lva 
body-i n-white assemb ly. From the C AD mode l each part is meshed so Iha l for each po inl ( ISO 
supports, add ilional s upporls, faslening points, geometric po inls, elc) requi red to s pec ify Ihe 
process and assem bly, a node is created . T he we lding guns app ly IWO oppos ite forces 10 Ihe 
asse mbly. The geomelric points correspond to Ihe poinls where Ihe meas uremenl is to be 
perform ed be fore th e assemb ly o f each part re lati ve to its reference fram e. 
Step 2 
Part 1-2-4 + Part 3 
Step 1 
Parts 1+2+4 
Figure 29: Valva BIW assembly sequence (Selielll and Riviere, 1999) 
The industria l partne r, Volvo, extracled sa mp le parts in the prod uction phase, measured Ihe m 
before re introd uc ing them into the production line, welded them and then measured the m after th e 
we lded assemb ly was prod uced. 
Only shape variab ili ty was s imulated. In facl , no in forma tion abo ut Ihe posi tioning and conformity 
variab ilities was prov ided . 
From Ihe geometric mode llhe parts were mes hed. T he mesh is conslra ined to have a node o n each 
po inl necessary fo r the s imu lalion. The fo llow ing assumpti ons were made Ihroug hout the work:-
• Ihe displacemen ls and materia l have linear behavio ur 
• FEM mesh, fromlhe geometric CAD model, is the same durin g a ll phases of camp uta lion 
(the stiffness of lhe parts is constant). 
T he firsl step was 10 ca lc ulate the matri x of influence coeffi c ients. Figure 30 shows the 
inle rpo lat ion oflhe devialions made from the measuremen ts pe rfor med o nlhe fo ur pa rts separale ly 
be fore Ihe assembly process. Th is deformation shown represents J.I, -I (J . 
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Representation of the actual part shape defects 
/ ~ 
Figu re 30: J ntcrpolat ion of the defonnat ion from measurement (Se ll cm and R iviere, 1999) 
The pred icted means exhibit the same behavio ur as the measured o nes with va lues o f the same 
o rder (see Fig ure 3 1). The diffe rence obta ined at the inspectio n po ints o f the third part seems to 
revea l a pos it ioning va riab ility during the measurement. Altho ugh this last defect ca nnot be 
eva luated with respect to the measurement data, a strong correlat ion is sti ll obtained with a 
corre lation coe ffi c ient of 0.90. 
''''''' 
• 
<0, 
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Figu re 3 1: Mean comparison between measurement and simu lalion - R 2=0. 9 (Sellcm and R iviere, 1999) 
The predicted ranges exhibit a behaviour s imila r to the o ne obta ined by measurement (see Fi gure 
32). The corre lation coeffi cient is equal to 0.80. 
The inspecti on made o n the assemb ly has bee n performed in a co nstrained state. The 
corresponding sta te prov ided by the computatio n is represe nted in tJ - 3u (Fi gure 34). 
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Figure 32: Standard deviation comparison between measu rement 
and sim ulation - R2~O.8 (Se llem and Riviere, 1999) 
Step 1 
Parts 1 + 2 + 4 
Step 2 
Parts 1-2-3 + Part 3 
Figure 33: Interl11ediate calculat ion (Se llem and Riviere, 1999) 
Figu re 34: Prediction of the assembly variations in a constrained state (Se llcm and Riviere, 1999) 
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T his fi rst case study prov ides encouraging resuits re lat ive to the g iven in puts. In fac t, even tho ugh 
only shape variabi li ty measurements were available, th e simulation shows th e same globa l 
behav iour fo r the mea n and th e range of the inspection po ints dev ia tions. 
Sensitivity analys is is also Ll sed to identify the root cause of variations at a given inspecti on point 
in the assemb ly. Fig ure 35 shows the root causes o f the deviatio n o f one po int o f the green part 
(Part3). 
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Figure 35: ensitivity analys is for a given inspection po in t (Se llem and Riviere, 1999) 
T he results s how that the we lding sequence does not have a maj o r influence. In fac t, the influent 
paramete rs on the asse mb ly process appear o nly by means o f suppo rt variations and the ty pe o f 
reference or pos itioning systems used. In this case s tudy, the reference systems de fin ed , refl ect the 
meas urement of the pa rts and resuiting assem bly, and is ass umed to be the same as the re fe rence 
system used for the we ld ing process. There fo re, this ass umption cannot be app lied ge nera lly to all 
processes in othe r s imulations. 
For the simulatio n, parts were meshed us ing geometri c CAD mode ls and di screte she ll e lements 
(Seliel11 and Ri viere, 1999). But in some cases, this model may be unsu itable, pa rticula rly where thi s 
concerns the reducti on of the degrees of freedo m o f the resul tant mes hes. In this ins tance, meshing 
with beam e lements would be more suitable. T here fore, it is recommended that a va lida tion o f 
compatib le mes hing is ca rried out fo r each appl ication. 
For acc urate modelling o f the measurement process, pos ition defects o f the supports must be 
eva luated to identi fy the ir influence on va riat ions between the measurements and the computed 
resu lts. However, va riati ons a re tr ibutary to the number of co ntro l po ints and in orde r to respect a 
ba lance between cost and exec ut io n tim e these were neg lected in thi s instance. It will , however, be 
necessary to de fin e pos it ion defects of suppo rts if this s imp lifi catio n is to rema in va lid in oth er 
case. 
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5.2 SPOTWELDED SHEET-METAL ASSEMBLY 
As an example, consider the process of we lding two simple sheet metal parts with planar and 
cy lindrica l geo metry (see fi gure 36). Suppose that 3 position ing po ints, 3 additiona l points and 3 
we ld ing points are associated to each part (the couples of welding po in ts are co inc ident in the 
nominal mode ls). In this app li cation th e we ld gun forces bring the parts into contact in the nominal 
configuration. 
Fastening point 
Isostatic Support 
Additionnal 
Support 
Isostatic Support. 
Figure 36: Spotwe lded sheetmetal assemb ly wi th modelled constraints (Se llem and Riv iere, 1999) 
Figure 37(a) illustrates the s imulatio n of a positioning e rror of part I (here a ro tation about the Z 
ax is of the parr refere nce fram e). Note that the requirement of enforc ing conformity with 
additiona l supports and with the abso lute weld ing point locati ons pri or to weld ing induces 
deformation of both parts (due to the contact between parts). Welding is thus performed when the 
two parts are deform ed. Figure 37(b) shows the fina l configurat ion of the free assemb ly (a ll 
externa l loads re leased), that is, a s li ding of part 2 relati ve to partl . 
Figu re 37 : (a) Positioning defect of pal1 I . A rotation around the z ax is of part I reference 
fram e, (b) Effect of this variability on assembly (Se llem and Riviere , 1999) 89 
Fi gure 38(a) illustrates the simulation of an e rror during the clamping o peration of part I (a 
pos it io n error of one of the supports). The we lding operations are aga in performed while the two 
pans are defo rm ed. Figure 38(b) shows th e final state of the free assembly, aga in with a s liding 
displacement. 
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Figu,·c 38: (a) Defect of positioning of an addi tiona l point, (b) Effect 
of this variabi lity on the assembly (Se llem and Ri viere, 1999) 
Figure 39(a) illustrates the s imulation of a shape defect of part I , with only one unit di splacement 
used. This time, the we ldi ng operat ions are performed while the two parts are in the ir nominal 
configuration (the additiona l supports and the we lding e lectrodes bring the parts into the nominal 
confi guration prior to we lding. Figure 39(b) shows the fina l state of the free assemb ly . 
. ' • • 
c 
• 
Figure 39: (a) Part J variation with a unit displacement 10 onc we lding point, 
(b) Effect of this variability on the assembly (Sellem and Riviere, 1999) 
To il lustrate the simu lation of a shape defect we can apply a shape tolerance to part 2. Figure 40(a) 
and (b) shows two examples of a profile to lerance and the result after the we lding process and the 
propagation of the defect o f the second part on the first one . 
Q. 
o • 
o 
Figure 40(3): (a) Shape tolerance applied to pan 2, (b) Effect of 
th is variability on the assembly (Sellem and Riviere. 1999) 
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Figure 40(b): (a) Shape tolerance applied to par1 2, (b) Effect of 
this variab ility on the assembly (Se llem and Riviere, 1999) 
Absorption of the variations 
The simulation approach which consists of taki ng the different steps of the assembly process into 
account but also the fl ex ibility of the parts by a set of FE analyses shows it is poss ible to obta in a 
smaller va riation for the assembly than the vari ation of the ind ividual parts. The s ingle part 
assembly shown below illustrates this. In fac t, the s ingle pa rt partia lly comes back to the deform ed 
configuratio n because of the process (which befo re the we ldi ng operation pushes the part back into 
its' nominal configurat ion). 
Input Geometric defect = 1 mm Output Geometric defect = 0.5 mm 
Figure 41 : Absorption of the variat ion due to assembly process and nex ibility of a pan (I BM) 
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6. DIMENSIONAL VARIATION ANALYSIS OF INDUSTRIAL 
DEFORMABLE ASSEMBLIES 
In this chapte r the appl ication of Catia TAA to an assembly of defo rmab le stamped alu minium 
8 1 W co mponents is presented in detai l. The method deve loped by Dassa ult Systemes is app lied to 
demonstrate that the too l can be used to pred ict the influence of geo metry or process-re lated 
tolerances 0 11 the variat ion of an assembly consisting of nex ible parts. 
6.1 STAMPED ALUMINIUM BIW ASSEMBLY 
The asse mbl y co nsists of an a lu minium cross l11ember and two a lu miniu m s ide ra il s that make up 
the rear floo rpa n of a vehic le. The crossme mber is the first pa rt to be located in the assembly 
tool ing fixture . Subseq uently the two side rai ls are loaded into the fi xture and a ll th ree parts a re 
c lamped into pos itio n us ing toggle c lamps. The parts a re th en spotwe lded together. The resu lt in g 
asse mb ly is then re leased from the assembly fi xture. 
Figure 42: Deformable alumin ium noorpan assembly and assembly fixture 
The assembly is subsequently mated and we lded to the rear fl oorpan as shown be low:-
Figu re 43: Assembly afrear floorpan , crossmember and siderails 
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The assembl was mode lled in Cati a TAA and a number o f unit di splace mellls were appl ied to the 
crossmember at va rious locat ions where corresponding measurements are to be taken. The unit 
d isplaceme nt represent the variat ion input for the s imulation and desc ribe the shape and/or 
posi tiona l va ri ati on o f the c rossmember as it is located and constra ined in the assembly too ling. 
An initia l s imulatio n was then performed to v isua lise the assemb ly variation betw een each of the 
activ it ies in the assembly process, shown in fi g ure 44. 
Figu re 44 : Assembly seq uence and process activities 
Figure 46 shows the measured disp lacement at each step of the assemb ly process correspo nding to 
input variatio ns of Imm at 8 discre te po ints on the crossmember ( fi gure 45). 
Figure 45: Crossmember with input deviat ions represented by white arrows 
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Positioning Cross 
member Positioning Rail 302 Positioning Rail 303 
Release clamps 
Figure 46: Visualising displace l11ents for each process ac ti vity 
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The stat istical analys is of the final release acti vity showed that there is a significant amount of 
twist imparted into the side rails when the spotwe lded assembly is released from the too ling 
fi xture. Further examination of the assembly constraints highlighted a need to rev isit the method 
by which the crossmember is constrained. It was determined that additional mechanica l j oints were 
required to eliminate the twist observed in the simulation. 
To control the variation of the assembly process prior to the subsequent assembly and we ld ing of 
the fl oorpan, two additional clamps, defined by ··revo lute" ty pe jo in ts, are added to the model and 
the pos itioning system for the crossmember is modified accordingly to include these jo ints. 
Figure 47: Revo lute joints added to cross l11 cmber positioning system 
Revotute 
joints 
The modified pos itioning system consists of the two revo lute j o ints and the two ex isting 
cy lindrica l j oints ( figure 48). 
Figu re 48: Modi fied positioning system for Cross l11clllber 
Running the simulation with the additiona l revo lute j oints produced the fo llowing results (shown 
in fi gure 49). The torsion imparted on the crossmember by the siderail s translational displacements 
is now significantly reduced when the spotwe lded assembly is released from the too ling fi xture. 
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Figure 49: Comparison of trallslmional displacement for original and modified crossmell1ber positioning systems 
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7. DISCUSSION & CONCLUSIONS 
Th is chapter draws together the issues presented within the thesis prior IQ the drawing of final 
conc lusions. 
7.1. DISCUSSION 
Geometrica l variations are inherent in any manufacturing and assembly process and cause small 
deviations in parts from the nominal geometry. The dev iations affect position, orientati on, and 
other behaviours of parts in an assembl y. M oreover, these dev iations propagate and accumulate as 
parts are assembled and can quickly drive assembl y geometry out o f specification. In order to put 
under control the effects of part variations it is possible to use dedicated software too ls whi ch are 
capable of performing to lerance ana lysis both fo r a single part and fo r a com plete assembly. There 
are many commerc ial software tools dedicated to statistica l tolerance analysis, as rev iewed earlier 
in thi s thesis, however a great many of them are based on the assumpt ion of perfect ly rigid parts. It 
is ev ident that slIch an assumption is not acceptabl e in many industrial cases. Consequently, 
assembl y process simulations carried out lIsing Ihese lools can lead to predicted final assembly 
geometry which is cons iderably different fro m ac tua l production asse mbli es. The asse mbling 
procedure itself causes a degree of deformation in the parts thcmselves that make up an assembly 
wh ich should not be neglected. 
In th is research it has been shown that it is possible to consider the effects o f part deformation in 
the variation analysis of automotive 81 W assemblies. A technique for vari ation analysis has been 
demonstra ted that uses the method of innuence of coe mcients, available in the form of the 
commercially available 1001, Catia TAA. This method takes into account three major types of 
dispcrsion: positioning, conformation and geometric dispersion of parts in an assembly. T he output 
of the simulation produces the in nuence of these variations on the displacemcnts of control points, 
forces imparted on assembly by the clampi ng process and on res idual stresses near the fastening 
po ints. Catia TAA has the capabi lity to mode l spotwe lded, bonded, riveted, and bolted assemblies. 
11 does not, however, have the capabili ty to consider j oining techniques like laser welding and 
simulates the assembly process on the basis of part measurements and not on the speci fications of 
GD&T. 
TAA is capable of predicting values of assembly tolerances during the early phase of the 
development process fo r a vehicle programme. Although part measurements may not be avai lable 
at this early stage, rig id body analys is tools suc h as VisVSA could be used to generate 
measurements from virtual assembly bu ilds of initial geometry at the earliest stage of a vehicles 
development. This could be fed into a Cati a TAA simu lation and could prove inva luable for the 
eva luat ion and selection of init ial tooling loeator strategies for new vehicles. 
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Catia TAA could be used as an ana lys is too l, to va lidate a set of preliminary (upstream) 
spec ificat ions, based on a set of subsequent (downstream) spec ifi cati ons, or as a synthes is too l, to 
directly determine all spec ifications. 
n me 
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Figure 50: Application of eA TIA TAA for val idating process specifications ( I BM) 
The software could also be applied to the determination of optimum assembly sequence for 
fastening processes, based on the requirements of min imum position deviation at spec ific points 
such as fastening locat ions or the extremes of geometry , or alternative ly be based upon obtaining 
minimum res idual stresses in deformable assemblies. 
7.2 CONCLUSIONS 
The des ign, deve lopment and production of advanced alum ini um-intens ive-vehic les is a complex 
task. This research has been Focused around a number of themes pertaining to the development of 
too ls and techniques to assist designers and body engineers in the automotive industry. 
A lum inium offers the automotive industry significan t advantages over stee l, and its adoption 
presents a number of opportunities and challenges in demonstrating the feas ibi lity of deploying the 
mater ial in structura l BIW applications. 
For the next few years the automotive industry will be concerned with the complete process 
concatenation of alloy production, v ia semi-finished product production and shaping through to 
mechanica l processing and j oint engineering in BIW construction. 
With the new generation of integrated CA O-CAE app li ca tions, there is an apparent lack o f 
so ftware too ls th at can accurately simulate industrial processes such as part assembly by we lding, 
bonding, riveting or bolting. 
Recen tly some very powerful CAT systems have become commercially avai lab le and adopted 
w ithin the automoti ve industry. A lthough they in general have so lid mathemati ca l backgrounds 
ab le to deal w ith 20 and 30 situations, with size and geometric to lerances, and are not in connict 
with current internat ional to lerancing standards, they have some drawbacks. One im portant 
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drawback is the rigid body assumption. Another is a lack of understanding between the relation of 
the tolerance val ues and the physics involved in functioning and in manu facturing. As a result, 
tolerance specification and variation analysis functiona lity in most cu rren tly avai lable CAT 
systems is insurficient. 
An approach to variat ion ana lysis of deformable assemblies has been presented which wi ll 
facilitate:-
• predicting closure forces in assemblies of misaligned parts 
• predicting the final location of mating surfaces 
• predicting distortion due to internal assembly stresses 
• predicting internal residual stress and forces due to assembly of off-nominal parts 
• predict ing the percentage of assemblies which will not meet design limits/targets 
• performing :'what-if" studies and assigning tolerances throughout an assembly to ensure 
that both geometric and fUllcti ona l requirements arc satisfied 
• performing sensiti vity studies to identi fy critica l sources of variat ion 
CAT tools and techniques should have the capability to simulate assembly process variations for 
deformable assemblies. This should contribute to an improved and deeper understanding of the 
relati onships between tolerance va lues and the physics of product functions and manufacturing 
processes. 
The variation analysis of deformable assemblies, as demonstrated in this thesis, highlights the need 
for better SlIpport to be provided for to lerance specification and variation analysis during the early 
phases of the automotive product development cycle. and in the digita l envi ronment, where only 
limited and uncertain product and process data is available. It is here where the greatest benefit 
stands to be gained. 
A number of areas warrant ing further attention have been identified from both the literature 
reviewed and the modelling work undertaken and these are out lined in the fo llowing chapter, 
Recommendat ions for Further Work . 
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8. RECOMMENDATIONS FOR FURTHER WORK 
This sect ion outlines a number of areas for research that have been derived from the reviewed 
literature and the deformable assembly simulations:-
8 .1 EARLIEST USE OFTOLERANCE ANALYSIS 
During sheet metal assembl y, part and process variati ons inOucnce the final geometry of the 
assembly. Normally, the information needed to make rea listic ana lysis of the fina l geometric 
variati on is ex tensive and in the early stages of the development process still unknown. 
There is a perceived general requirement 10 be able to do preliminary design pure ly on the basis of 
abstract schemes, or skeletal, \vi th little or no nominal geometry attached. As a spec ific example, 
world-class practice in the area of design for minimum variation now seems to begin wi th 
conceptual lOp-down designs that establish chains of datum reference frames and key 
measurement points and characteristics far in advance of detailed geometric design. 
The links in such a skeleton need to tie down 6 degrees of freedom for rigid parts, a nd gene rall y 
many more for flex ible parts. In practice, some of these are likely to be under-constra ined. It is 
generally understood that mai ntai ning and propagating under-constrained systems is dirticull. 
Methods and tools need to be deve loped for early evaluati on of potential Ilex ibility- re lated 
geometry problems in vehic le asse mbly processes. When necessary, FEA could be used to deli ne 
the part and joint types for ana lys is of the direction and magnitude of propagation of dimensional 
variations. The time limitations imposed upon product development and production start-up 
processes, often dictate that concepts with the minimum associated risks wi ll be chosen. T hus, the 
best concept with regard to other design cri teria is not always chosen. due to lack of infonnat ion or 
difficulties in conducting a realistic simulation. An area of research warra nting significant 
attcntion should be the mapping of key parameters that control final assembly va riation and the 
eva luation criteria used to determine that geometri c and functional requirements will be sat isfied. 
8.2 TOLERANCE SYNTHESIS 
Designers often view tolerance synthesis as either a "black art" that they don't understand or as a 
tri vial part of the total des ign. With the increas ing e mphas is on design fo r assembly and des ign fo r 
manufacture, these views become untenable. To overcome this kind of thinking, e ng ineers must be 
provided with tools that will a llow them to understand the consequences of tolerance ass ignment 
and thei r relat ionship to product performance. 
Tolerance synthes is refers to linding part tolerances that satisfy the requirements (specilications) 
of assembly to lerances. Part to lerance is c lose ly re lated to the cost of manufacturing the part. The 
trend is that the tighter the to lerance. the more costly the part. Thus a cost vs. tolerance mode l 
needs to be estab lished fo r optimal tolerance des ign (a least cost model). The mechanisti c models 
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deri ved in previous research could be used as constrain ts in the optimisat ion problem, whi le the 
cost function serves as the objective function to be minimised. 
8.3 FINITE ELEMENT METHODS 
Research should be conducted to verify the assumptions of compliant tolerance ana lys is . This 
wou ld require buil ding and mcasur ing test speci mcns and comparing the assembly results with 
compliant tolerance analysis results. A poss ible test assembly could be to build and test pairs of 
nangcd plates . C losure fo rces and displaccmcnts could be measured for a s ingle asscmbl y and 
compared to the output from a compliant to lerance analys is incorporating FEA routines. By 
comparing the results of a random sample of asscmblies with a Monte Carlo simulation of thc 
same problem it should be poss ible to validate the statistica l compliant so luti on as well. 
Little work has been carried out with FEA to investigate how deformations occurring at onc jo int 
in a ncxible asse mbly affect other mating surfaces. 
The effect that the order of assembly has on an assembly of nex ible parts cou ld be stud ied but with 
the inclusion of surface va riations . This would require the modelling of the combined s ti ffness of 
two or more joi ned parts when fastened to another part in an assembly. 
Prev ious work has o nl y cons idered assemb ly gaps a t fastener locations . There may be res idua l 
gaps or in terferences that occur in-between the fasteners. This cou ld be important for applications 
inc luding gaskets, seals, aerodynam ic surfaces. aesthetic appeara nce, etc. 
Merkley (1998) assumed that small varia ti ons in geometry had litt le effect on the part stiffness. 
However. small var iations in thickness ca n have a s ignificant effect on shell type problems. 
Methods should be developed to include the effect of material and section properties on the 
stiffness-matrix itse lfand their consequences on comp lian t assembly variations . 
8.4 PROPAGATION AND ACCUMULATION OF RESIDUAL STRESSES 
As components are asscmbled, residua l stresses develop at mating surfaces. Mu lti p lc components 
cause the res idua l stress to accumul ate and propagate through the assembly. Th is propagation a nd 
accumulation is s imilar to the geometric varia tion in rigid body assemblies wh ich can o nly be 
transmitted through the joints where mating parts contact. The nature of the propagation depends 
on the joint type. It may be possible to deve lop a library of compliant jo int definit ions, s imilar to 
the kinematic jo ints in rig id body assemblies. 
The innuences of distortions and residual stresses (in the loca l area around a weld nugget) due to 
welding heat, dynamics, vibration and Tl onlineari ty of the assembly systems are not included in the 
majority of ex isting research. In some c irc umstances, these factors may be important to the 
dimensiona l quality ofa sheet meta l assembly. 
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8.5 SEQUENCE OF ASSEMBLY 
Prev ious research indicates that assembly orde r can affect the required assembly forces. It appears 
possible to minimise the assembly stresses by determining the opt ima l order of compone nt 
assembly. 
A number of in vestigations have been carried out for assembly and spot we ld sequences for simple 
onc-dimensiona l sheet meta l assemblies. There is the potentia l for extend ing research to 
assemblies with morc complex two or three-dimensional free-form surfaces. A lso clamping 
sequence needs 10 be addressed in the future. 
There are certain structures that wi ll assemble easi ly in a specific order, but will no t assemb le at all 
if the order is changed. Current research indicates that this may be similar to assembling springs in 
para llel or in series (Liu et aI. , 1995), where s tructures that act like paralle l spr ings wi ll be stiffer 
and morc difficu lt to assemble. Based on the compliant tolerance ana lysis techniques proposed in 
research completed to date, assembly o rder may be opt imised to red uce res idual stress and 
assembly forcc. From this optimisation, met hods could be developed for creating a rat iona l process 
plan. This process plan would then have to be evaluated fo r e fficiency and cos\. It could a lso be 
used to verify process plans developed using tradi ti onal methods. This could hel p red uce too ling, 
redesign, and labour costs, as we ll as increas ing par1 li fe times. 
8.6 UNDERSTANDING THE EFFECTS OF PART GEOMETRY 
Stiffness of sheet metal parts plays a un iversa l role in the final assembly dimensional variation. 
The shapes and cross-sect ions will contri bute to the stiffness of the parts. Various shapes and 
cross-sect ions are widely used in sheet metal assemblies in the automotive industry. A comparison 
study of assemblies with various shapes or cross-secti ons will lead to a better understanding of 
des ign for shapes and cross-sections. 
8.7 EFFECTS OF FIXTURING 
Fixtures play an impOJ1ant role in the assembly process. The e ffects of fi xtures could be inc luded 
in the compliant tolerance analysis. The compliance of the fixture and its interact ion with a 
compliant assembly cou ld be st udied along w ith the effect of dimensional errors. This could lead 
to the design of fixtures that reduce the residual stress in a finished assembly. 
Fixture elements (Iocators or clamps) are ass igned at given locations in this research. However, 
different schemes for fi xture e lements wi ll result in different assembly variation. It will be useful 
to fU11her study the effect of locati ons of locators and clamps. An opt imisation technique could be 
developed to obtai n the optimal solution to the location o f fi xture e lements, so that the assembly 
dimensiona l va riat ion is minimised. 
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Prev ious work assumes that the fi xture elements cons ist of point contacts. In fact there is a small 
contact area between the fi xtu re e lements and parts during the assembly process. The fi xture 
elements may constra in not only the dispiacclllcnts, but also the rotations or the paris. 
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